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TWO METABOLICALLY ACTIVE PEPTIDES FROM PORCINE 
PITUITARY GLANDS* 


By I. B. Astwoop, RicHArbD J. BARRETT, AND HENRY FRIESEN 


PRATT CLINIC-NEW ENGLAND CENTER HOSPITAL AND THE DEPARTMENT OF MEDICINE, 
TUFTS UNIVERSITY SCHOOL OF MEDICINE 


Communicated by E. B. Astwood, August 21, 1961 


The injection of crude pituitary extract into animals was shown in the 1930’s to 
cause ketosis, increased fat in the liver, and depletion of fat depots leading to the 
concept of a fat-mobilizing hormone of the pituitary. These and related effects 
were later ascribed variously to thyrotropin, prolactin, and growth hormone, and 
more recent tests in mice and rats showed corticotropin to be the most potent agent 
yet tested.! Experiments using the rabbit, however, have revealed both a- and 
8-intermedin to be highly active in increasing circulating free fatty acids and in 
causing a release of free fatty acids from depot fat incubated in vitro.2»* With this 
species, too, another extract of the anterior pituitary is effective; this preparation 
does not share the specific properties ofany of the well-recognized pituitary hormones, 
and, unlike some of the other active agents, it also causes lipemia.! 

Tests in the rabbit of various pituitary extracts made in our laboratories® showed 
that the crude extract of porcine anterior pituitaries made with hot glacial acetic 
acid produced fat mobilization, as did the residual solution after removing the 
corticotropin with oxycellulose.6 As this solution is usually discarded in the com- 
mercial production of corticotropin, it became an abundant source of pituitary 
material for studies on purification. 

Upon neutralizing the solution, some four-fifths of the total solids could be 
removed in the precipitate without appreciable loss of activity. Studies on the 
soluble material using the electrophoretic method of Ferguson and Wallace,’ 
incorporating a modification of Poulik’s* discontinuous buffer system and Smithies’® 
starch gel technique, showed it to contain about 50 stainable components which, by 
this elegant method, appeared as sharp well-separated lines. Assays, using pieces 
of rabbit fat 7m vitro and measuring the liberation of free fatty acid, showed that 
eluates of several different segments of the starch exhibited lipolytic activity but 
the region which was most active was a narrow zone made up of two darkly stained 
and several faint, closely spaced lines which moved farther toward the anode than 
any pituitary hormones yet examined. Isolation of the materials giving rise to 
the two most prominent lines was therefore undertaken. Peptide I, the slower mov- 
ing component on the starch gel, proved to be the easier to obtain in substantially 
pure form: peptide IT was separated from peptide I and from most extraneous mate- 
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rial but was not entirely freed of a contaminant. Peptide I was the more active, 
especially when tested in vitro. 

Methods.—In a typical procedure, 6 liters of the crude extract in 0.1 NV acetic acid containing 150 
gm of solids was brought to a pH of 6.5 or 7.0 by the addition of about 170 ml of 5 N ammonium 
hydroxide and allowed to stand in the cold overnight. The precipitate was removed on large 
Buchner funnels with slight suction and washed by percolation with water. The combined filtrate 
containing about 30 gm of protein-like material was stirred for 2 hr with 100 gm of Dowex 1-X2, 
200-400 mesh, which had been freed of the coarsest and finest particles by sedimentation in water 
and washed in sequence with NV sodium hydroxide, water, 5 N acetic acid, and water. The resin 
was collected by filtration, washed with water, and poured into a column 3.3 em in diameter and 
19 em high. Elution with 0.1 N acetic acid yielded almost all of the material of interest. Frac- 
tions were combined on the basis of the electrophoretic patterns and dried from the frozen state. 
This procedure yielded 6.3 gm of white powder, 4.2% by weight of the crude extract. This 
fraction was referred to as an acidic concentrate. A somewhat larger amount of material com- 
prising the most rapidly moving anionic components upon electrophoresis was eluted from the 
resin by 1 N acetic acid, whereas 5 N acetic acid removed dark yellow material with an ultraviolet 
absorption maximum at 260 mu, presumably nonprotein in nature. Smaller quantities of resin 
removed the two peptides from the crude extract when adsorption was carried out using a column 
of resin, as shown in Figure 1. 


23456789 10ll (2 13 


be 
PEPTIDE IL 


PEPTIDE I 


ORIGIN 


Fig. 1.—-Concentration of the 2 peptides using an anion-exchange resin. 10 L 
of the pH 6.5 soluble crude extract was passed through a column 3.3 X 18 cm of 
Dowex 1-X2. After washing with ammonium acetate buffer, pH 4.0 and 0.05 A 
in acetic acid, elution was effected with 0.1 N acetic acid. Channels 1 and 13, 
the crude extract; 2 and 3, first and last samples of unadsorbed material showing 
complete removal of the 2 peptides; 4, buffer eluate; 5 to 12, successive fractions 
eluted with 0.1 N acetic acid. Fractions including those shown in 6 to 8 were com- 
bined for further purification. 


Chromatographie columns of the same resin, 1.2 em in diameter and 43 em high, were used to 
fractionate 0.5-gm portions of the 0.1 NV acetie acid eluate of the resin. Successful resolution was 
achieved by any of several methods; with the resin in the acetate form in each case, prewashing of 
the column with water permitted all of the desired material to be retained while less acidic sub- 
stances passed through. Elution with 0.05 or 0.1 N acetic acid caused the pH of the effluent solu- 
tion to fall slowly while a single peak of protein-like substances was eluted (Fig. 2); the maximum 
of this peak emerged when the pH of the solution was near 3.4. The shape of the peak suggested 
inhomogeneity, and, indeed, starch gel electrophoresis showed that the first and major portions 
contained predominantly peptide I, whereas the trailing end of the peak contained this component 
mixed with peptide II. Much the same elution pattern was seen when a continuous gradient 
from 0.01 N toward 0.1 or 0.2 N acetic acid was used or a gradient of ammonium acetate buffer, 
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Fig. 2.—Column chromatography of a concentrate of the peptides on an anion-exchange 
resin. The circled fractions were found by electrophoresis to contain predominantly pep- 
tide I; the subsequent fractions eluted by 0.05 N acetic acid contained peptide II con- 
taminated with peptide I 


pH 4.0 and 0.1 N in acetate was run toward 0.2 N acetic acid. The desired substances were not 
eluted by 0.02 N acetic acid or by buffers of ammonium acetate of pH 3.6 to 4.0 when less than 
0.02 N in acetic acid, but successful chromatography could be carried out in columns equilibrated 
with ammonium acetate, 0.1 N in acetic acid at pH 3.6 and developed with the same buffer. By 
combining the fractions containing no more than traces of other stainable components after 
electrophoresis, yields of 115 to 150 mg of peptide I were obtained, or 23 to 30°; of the 0.5 gm 


applied; this represented a yield from the starting material of about 1%, or about 0.15°% the weight 


of the acetone-dried pituitary powder 

To obtain larger amounts of the substances for chemical, biological, and clinical studies, larger 
batches were processed. Seventy kilograms of whole frozen porcine pituitaries vielded 10.919 
kg of acetone-dried anterior lobe powder from which 1.502 kg of crude corticotropin was derived. 
After corticotropin had been removed by two adsorptions with 120 gm of oxycellulose, the 60 
liters of solution were neutralized and the soluble portion stirred with 1,027 gm of resin.” <A 
slurry of the resin in water was adjusted with acetic acid to pH 3.68, made into a column 7.6 em 
in diameter and 33 em high, washed with water, and eluted with 0.1 NV acetie acid. The desired 
fractions were combined and amounted to 1,500 ml, which upon drying from the frozen state 
weighed 20.1 gm, a 0.2% yield from the acetone-dried anterior lobe powder. This concentrate 
was predominantly peptides I and II contaminated by other acidic components; small samples 
were used for further purification. 

Peptides I and IT could most easily be separated by taking advantage of the much greater 
capacity of Dowex 1-X2 for peptide I. Thus, 0.8 gm of the above-mentioned concentrate in 4 ml 
of water was applied to 4 gm of the resin in a column 0.9 em in diameter and 8 em high and the 
column washed with water. The unadsorbed material, weighing 323 mg, was predominantly II 
contaminated by impurities and contained no detectable I. Elution with 0.1 \V acetic acid gave 
180 mg of I in a highly concentrated state (Fig. 3). 

Separation and purification of peptides I and II could also be achieved using columns of Sepha- 
dex G-50 on which peptide I in 0.1 N acetic acid was retarded to a greater extent than peptide 
II (Fig. 4). There was some overlap in the emergence of the two peptides and the most satis- 
factory separation was obtained when a concentrate of one or the other had first been made with 
resin. Thus peptide I was isolated in substantially pure form using 0.5 gm of a resin concentrate 
and a column 1.2 & 54em. On combining the fractions shown by electrophoresis to contain only 
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Separation of the two peptides by making use of the larger capacity of the 
resin for peptide I. 0.8 gm of an acidic concentrate applied to 4 gm of Dowex 1-X2 ace- 
tute in 4 ml of water, pH 4.0. Channels 1 and 2 show the first and the last fractions 
of unadsorbed material; channels 3, 4, and 5 are successive eluates with 0.1 N acetic acid. 


The spreading of the 2 main peptides was caused by the large amount of material used to 


show the minor components. 


Fig. 3. 


Peptide II could 


I and freeze-drying, 166 mg of virtually homogeneous material was recovered. 
similarly be concentrated but it was not freed of a contaminant with a mobility upon electrophore- 
This impurity is prominently displayed in Figure 3. 
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sis less than that of either active peptide. 
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Partial separation of the two peptides using Sephadex G-50. 0.5 gm of an 
Channel 1, 


small amount of unretarded material; 2, peptide II contaminated with a trace of I and 
a less anionic component; 3, mixture of Land II; 4 to 6, nearly homogeneous I. 


Fig. 4. 
acidic concentrate applied to a column 1.2 X 54cm, solvent 0.1 N acetic acid. 
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Properties.—The seemingly pure peptide I was highly soluble in water, even at the 
pH of minimal solubility, 4.0 to 4.6, strong solutions being clear and colorless. 
Upon standing in weak acid, solid gels sometimes formed, a process accelerated by 
heat. From dilute aqueous solutions, the peptide was precipitated by picric acid, 
p-hydroxyazobenzene sulfonic acid, and flavianic acid, forming colored amorphous 
masses or oils. Upon heating at 100° for 4 hr at a pressure of 0.02 mm of mercury, 
the material which had been dried from the frozen state at 0.02 mm at room tem- 
perature lost 11 per cent of its weight. Corrected for this presumed water of 
hydration, ultraviolet absorption spectra in 0.1 N sodium hydroxide!! suggested 2 
moles of tyrosine for 1 of tryptophan and an Aj.4, of 16 at 290 my, indicating a 
minimal molecular weight of about 5,000. 

Electrodiffusion of a concentrate of the acidic components containing the two 
peptides through cellophane membranes of calibrated porosity by the method of 
Pierce and I'ree'? suggested that peptide I had a molecular weight of less than 10,000; 
peptide II was estimated to have a molecular weight between 10,000 to 20,000, 
while the impurity of peptide II was still larger.'* The ultraviolet absorption 
spectrum of peptide I exhibited a sharp maximum at 277 my and a low minimum 
at 250 mu (Fig. 5). The ratio of absorbances 250/277 became smaller with in- 
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Fig. 5.—Ultraviolet absorption spectra. (1) Peptide I, 0.2 mg/ml in water, pH 4.0; (2) 
Peptide I, 0.2 mg/ml in 0.1 .V sodium hydroxide; (3) (dashed line) Peptide II, 1.0 mg 
ml in water, pH 4.0. 


creasing purification approaching 0.38. This property served as an additional 
guide to purification. Preparations of peptide II showed no maximum at 277 mu 
but a slowly diminishing absorbance from 250 my toward longer wavelengths and a 
shoulder at 270 to 276 (Fig. 5). In 0.1 N sodium hydroxide, the spectrum quickly 
shifted to longer wavelengths and then progressively underwent complex and 
largely irreversible changes during 8 hr at room temperature. 

Tested on isolated pieces of mesenteric or perirenal fat from the rabbit in vitro, 
as little as 0.01 ug of peptide I increased release of free fatty acids; peptide I] was 
very much less active. Injection of 10 wg of peptide I intravenously into rabbits 
trebled the concentration of circulating free fatty acids in 5 min and doses of 1 mg 
or more subcutaneously caused lipemia in 12 to 18 hours; peptide II was some- 
what less active in these tests. Peptide I like a-intermedin and corticotropin 
caused an increase in heart rate in the heart-lung preparation of the dog! and, in 
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common with preparations of thyrotropin and a-intermedin, increased the oxygen 
consumption of isolated leporine adipose tissue incubated in vitro.” 

Summary.—Two metabolically active substances designated peptides I and I] 
have been purified from a crude extract of porcine anterior pituitary glands. 
Electrophoresis on starch gel served as a guide during fractionation, which was 
accomplished using an anion-exchange resin and Sephadex G-50. Peptide I of 
molecular weight near 5,000 was homogeneous upon electrophoresis; peptide II 
was larger, was not freed of a contaminant, and was less active in causing fat 
mobilization and lipemia. 


* This work was supported by Research Grant #A-612 and Training Grant #2A-5166 from the 
National Institutes of Health, Public Health Service. 
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THE INACTIVATION OF TRYPSIN BY ULTRAVIOLET LIGHT,I. THE 
CORRELATION OF INACTIVATION WITH THE DISRUPTION 
OF CONSTITUENT CYSTINE*:* 


By L. G. AUGENSTINE AND C. A. GHIRON 
BroLoGy DEPARTMENT, BROOKHAVEN NATIONAL LABORATORY, Upton, NEw YORK 
Communicated by Donald D. Van Slyke, August 3, 1961 


To elucidate the mechanism(s) of enzymic catalysis requires not only a specifi- 
cation of the amino acid residues involved in the ‘“‘active center,’ but also knowledge 


of their spatial orientation as well as possible rearrangements in intramolecular 
bending. Difficulty in finding reagents and/or techniques whose effects are re- 
stricted to only a few specific sites in the protein has hampered investigation of 
these latter factors. The studies reported here indicate that UV (2,537 A) not 
only produces restrictive, specific changes in trypsin, but also that under the proper 
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experimental conditions, certain changes in intramolecular bonding induced by UV 
and modified by enzyme-substrate interaction can be characterized. 

A variety of physico-chemical changes can be produced in proteins by radiation.!~* 
There are only a few hypotheses, however, concerning the actual molecular modifi- 
cations associated with inactivation. Some of these have been reviewed recently.‘ 
The postulated modifications can be grouped into three categories: (1) destruction 
of an amino acid residue (such as tryptophan, histidine, or methionine) which is 
presumably required for enzymatic activity,>~* (2) generalized disruption of bonds 
responsible for enzyme configurations,’ °~'! 1.e., non-specific denaturation, and (3) 
specific, as opposed to generalized, changes in the protein conformation.*: !?. ' 


Accumulating evidence indicates that the third category may be a very probable 


means of radiation inactivation.’ If so, and if the nature of the specific changes 
which are produced can be established, then radiation can be used as an effective 
tool for studying those conformations corresponding to enzymatic activity. 

Additional evidence is presented in this paper in support of the “weak-link”’ 
hypothesis, which has been formulated and developed by one of us (LGA).*: ! 4 
According to this theory—which would be included in category (3) above—a fre- 
quent mechanism of inactivation by numerous physical treatments involves the 
disruption of a specific group of bonds which can be easily broken and are critical 
for maintaining the biologically active conformation. This cluster of bonds making 
up the weak link includes disulfide and a limited number of other intramolecular 
bonds. (Disulfide bonds were initially considered to be critically involved inasmuch 
as their integrity is essential for the activity of most enzymes; yet, in proteins they 
can be ruptured with relatively small amounts of energy."®) Inactivation is pre- 
sumed to result from the localization of enough energy in the weak link to disrupt it. 

{upture of all the bonds in the group is thought to produce trreversible inactivation, 

whereas incomplete rupture presumably constitutes reversible inactivation. Since 
most of the bonds making up the weak link can be ruptured singly with relatively 
small amounts of energy, the energy associated with either an ionizing event or a 
UV quantum could be adequate to rupture the critical bonds individually in the 
process of its partition into relatively degraded forms. This also means that the 
thermal content of the molecule can contribute to the disruptive processes.* !! 

The results presented in an earlier paper were taken as evidence that at least three 
classes of trypsin molecules are present in solution after irradiation,’* and the pro- 
posed scheme is shown in Figure 1. The classes of molecules are designated as 

ACTIVE UV, IONIZING RADIATION, INTERFACIAL INACTIVE 


TRYPSIN TRYPSIN 
FORCES, AND/OR HEAT 





DAMAGED 
TRYPSIN 


Fic. 1.—A schematic representation of the factors affecting the formation and mainte- 
nance of the three classes of trypsin molecules which according to the weak-link hypothesis 
result from UV irradiation and/or other physical treatments.'* 
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active, damaged, and inactive and are operationally defined and measured as follows: 
the inactive class includes those molecules which have been so altered that they are 
incapable of catalyzing the hydrolysis of the common trypsin substrates. Presum- 
ably, these are molecules in which the weak link has been irreversibly altered. The 
active class contains molecules which are still capable of performing their catalytic 
function but which conceivably could have sustained some radiation damage inas- 
much as only one trypsin molecule is inactivated for each ca. 100 quanta absorbed 
during exposure to UV of 2,537 A. However, irrespective of other damage, it is 
concluded that the weak link has been essentially unaffected in these molecules so 
that they show activity even when assayed in the presence of urea. Correspond- 
ingly, the damaged class is thought to include those molecules in which the weak link 
has been only partially disrupted and which are thereby in a reversibly inactivated 
state. Operationally, they are defined as those molecules which show activity if 
exposed to substrate first after irradiation (i.e., they are “reactivated”’) but are 
made inactive if urea or thermal treatment precedes the exposure to substrate. 

Setlow and Doyle calculated that UV absorbed by cystine has a relatively high 
inactivation efficiency."© From consideration of their findings and on the basis of 
the predictions of the weak-link model, it seems very likely that the cystine com- 
ponent of the weak link has been disrupted in either damaged or inactive molecules 
produced by the absorption of a quantum of 2,537-A light. 

Whereas two other publications deal primarily with the hydrogen-bond com- 
ponent,'® " the experiments described in this report were designed to test other 
features of the weak-link model by investigating the role of cystine in trypsin 
inactivation. The first prediction tested and verified is that there should be a 
direct correlation between the loss in catalytic activity and the increase in the 
number of groups which can react with a “sulfhydryl reagent.’”’ The prediction is 
also tested that the weak link in a damaged molecule contains at least one disrupted 
cystine residue. Specifically, an agent capable of reacting with disrupted cystine 
groups will prevent “reactivation” of the damaged molecules upon subsequent 
exposure to substrate. Amino acid analyses show that cystine disruption is the 


principal means of trypsin inactivation by 2,537-A light. The nature of the radia- 
tion products and the possibility that UV preferentially disrupts certain crucial 


cystines is discussed, 

Experimental Procedures.—Materials: To make up the 84 uM solutions (assuming M.W. 
23,800'S. '°) used in the irradiation, 200 mg of twice-crystallized, salt-free trypsin from Worthing- 
ton Biochemical Corporation were dissolved in 30 ml of 107? JJ HCI solution and immediately 
brought to pH 3 by the addition of 70 ml of .O1 47 NaH2PQ,. 

p-Chloromercuribenzoate (pCMB) from Amend Drug Company was purified by the method 
of Boyer.” The solutions were prepared by first dissolving up to 30 mg of pCMB in 30 ml of a 
0.1 VM NaOH solution and then diluting to 1 L with 0.33 V7 acetate buffer giving a final pH of 4.6. 
The concentration of pCMB in each solution was determined by titration against a standard 
evsteine hydrochloride solution. 

Irradiation: The irradiation apparatus was adapted from one described by Claesson.2! A 
bank of 8-W germicidal lamps provided ultraviolet light mostly (ca. 90°;) of wavelength 2537 A 
Forty ml portions of the trypsin solution were contained in a evlindrical quartz cell arranged so 
that the incident UV traversed no more than 1.5 em of solution. The solutions were continuously 
stirred and maintained at 0-4°C during irradiation, and aliquots were removed periodically for 
testing. 

Determination of sulfhydryl groups: An adaptation of the method of Boyer” was chosen be- 
cause it had adequate sensitivity, pCMB is relatively stable, and the titration goes to completion 
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at acid pH and gives a maximal estimate of sulfhydryl (—SH) groups. Another advantage is that 
both the dete. minations of enzymatic activity and the number of groups which react with pCMB 
can be made on each sample. At neutral pH, trypsin is autocatalytic, so that presumably ‘‘re- 
activation” could occur.'® Accordingly, the sulfhydryl] titration—like the irradiation—had to be 
performed at acid pH. Thus, other desirable assay methods could not be used.?* 

At intervals during irradiation, l-ml aliquots of the trypsin solution were added to 3 ml of 
either the pCMB solution or 0.33 M acetate. At the completion of the irradiation sequence, the 
mixture was allowed to react overnight at room temperature. The difference in optical density, 
R, between this mixture and one containing the same concentrations of unirradiated trypsin and 
pCMB was measured at 255 my. The absorption spectra associated with mercaptide formation 
involving cysteine and irradiated trypsin were found to have no significant differences in their 
shapes. The irradiated trypsin solutions also showed an increase in absorbance (OD) at 255 mu 
exclusive of that produced by titration with pCMB. Accordingly, this increase, A, compared to 
the appropriate control in which acetate buffer was substituted for pC MB was subtracted from the 
R values. Henceforth, (R — A) is designated by D. Immediately after determinations of the 
OD, the samples were diluted by a factor of 250 and the enzymatic activity measured. 

Measurement of trypsin (esterase)? activity: The trypsin mixtures were appropriately diluted, 
and the rate of hydrolysis of BAEEF in .05 M phosphate buffer of pH 8 was taken as the measure 
of residual esterase activity.24_ This is henceforth referred to as the BAKE assay for those irradi- 
ated samples to which acetate buffer was added, and the BAEE-pCMB assay for those samples 
which were allowed to react with pCMB overnight prior to assaying. When the reaction mixture 
contained 5.5 M urea in additon to the other components, the process is referred to as the BAEE- 
“urea assayV. 

Analysis of amino acid conte nt:® Analy Ses of both barium hydroxide hydroly sates ind acid 
hydrolysates of unirradiated and irradiated trypsin samples were run on the Beckman automatic 
amino acid analyzer.” 

Determination of quantum yield: With only slight modification, the actinometric p: ocedures of 
Hatchard and Parker were employed to determine the UV flux.** So as to more nearly duplicate 
the irradiation procedures employed with the trypsin, the actinometer solutions were agitated 
with a stirring rod during the 15-see exposures to UV and bubbled with nitrogen during the 2-min 
intervals between successive exposures. From aliquots taken every 15 seconds (up to 4 min) 


of irradiation time it was estimated that 0.25 «6M ml~! min~! of Fe*? was produced. In 1.5-em- 


deep solutions having OD > 2, this corresponds to approximately 3 X 1077 Einsteins em~? min 
(The reproducibility of the measurements was about +3 % and the values are based upon an ex- 
tinction coefficient of 1.1 & 104 mole~! em~! for the ferrous phenanthroline complex and a quan- 
tum yield of 1.24 for this actinometer—i.e., these irradiations were also carried out at 22°C). 
The 84 uM trypsin solutions also had OD > 2 for the 1.5 em depth of solution. Accordingly, 
equation (1) can be used to calculate the quantum yield, ¢, for trypsin. 
(PFe-oxalate) (Ver 
( ) Fe-oxalate ) 
The inactivation of trypsin could be depicted by first-order (i.e., ‘‘one-hit’’) kinetics, so that the 
rate of inactivation, Viryp, is described by 
dNiryp N sews 84 (uM /L) 
dt te sz (min) 
where NV is the moles of active material and ¢;; is the irradiation time necessary to inactivate 63% 
of the initial preparation. Combining the two equations and substituting the appropriate ex- 


perimental values gives the following simplified relationship 


0.42 
la 
Results and Discussion.—Correlation between loss in enzymatic activity and in- 


crease in groups reacting with pCMB: Examination of the results shown in 


Figures 2 and 3 readily demonstrates that the increase in OD at 255 my, presumably 
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Fic. 2.—The fraction of trypsin (esterase) activity remaining after expo- 
sure to 2,537-A UV as measured by: (4) BAEE assay, (B) BAEE-pCMB 
assay (pCMB in excess), and (C_) BAEE-urea assay. 
resulting from mercaptide formation (i.e., the quantity designated above as D), 
is linearly correlated with the measured loss of tryptic activity following overnight 
treatment with pCMB. It is important to re-emphasize that each point in Figure 3 
is the result of determinations of both R or A and enzymatic activity carried out 


sequentially on the same sample. 


The dependence of UV-inactivation upon cystine disruption: The evidence that 


damaged molecules can be “reactivated” indicates that their exposure to substrate 
restores them toa configuration consistent with enzymatic function.’ Accordingly, 
following irradiation, exposure to any agent capable of preventing restoration 
should decrease the total amount of activity measurable by a subsequent assay. 
Urea and heat are such agents.'* " According to the model discussed in the 
introduction, an agent, such as pCMB, capable of reacting with the products of 
disrupted cystine would also be expected to prevent reactivation of damaged mole- 
cules. The results shown in plot B of Figures 2 and 5 are consistent with this 
expectation. In fact, the decrease in measurable activity produced by increasing 
pCMB concentration (plot B of Fig. 5) appears to provide reasonably straight- 
forward evidence that cystine disruption is not Just correlated with loss in activity 
in a non-critical way but can be an essential step in trypsin inactivation by UV. 

The decrease in activity which is produced by reaction with excess pCMB can 
be seen readily by comparison of curves A and B in Figures 2 and 5. A comparison 
of curves B and C shows, however, that there is a lesser decrease in measureable 
activity after reaction with pCMB than in the presence of 5.5 WM urea. This is not 
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Fic. 3.—The correlation between increase in the number of groups 
which react with pCMB and the amount of trypsin activity destroyed 
by UV. The loss in trypsin activity is that determined by BAEE- 
pCMB assay (e.g., see plot B in Fig. 2), and D is the increase in ab- 
sorbance with excess pCMB (i.e., Method P). The initial concen- 
tration of active trypsin was 2.1 X 10-°M and of pCMB, 6 & 107817. 
The different symbols represent independent experiments 


the result of inadequate pC MB concentration either during the overnight exposure 
or during the assay. Thus, these results require a somewhat more complicated 
explanation than that reviewed in the introduction and shown schematically in 
Figure 1. For example, the damaged class of molecules, previously defined by 
urea treatment, may be sufficiently inhomogeneous that it can be subdivided by 
appropriate treatments. A more likely explanation of the difference in the effects 
of urea and pCMB is that the interaction of damaged and active molecules (so as to 
form molecular aggregates) through disulfide interchange is enhanced by urea at 
neutral pH and inhibited by pCMB and/or mild acid. That is, Huggins, Tapley, 
and Jensen found that urea enhances gel formation in concentrated solutions of 
certain proteins.” Apparently, this is an enhancement of a chain-reaction, disulfide 
interchange which is initiated by free —-SH either on the protein or in the form of a 
solute. Further, Ryle and Sanger demonstrated that disulfide-interchange reactions 
in model compounds are favored by increased pH, inhibited in acid solution by 
thiols, and catalyzed in neutral and alkaline solutions by thiols but inhibited by 
thiol-binding reagents.“ These and other factors influencing such interactions in 


proteins have been discussed in recent reports.*°~** Both of the above possible 


explanations are being investigated and will be reported later.** 
Effect of UV on amino-acid content of trypsin: The amino acid contents of 
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Fic. 4.—The increase in absorbance, D, as a function of the pCMB concentration with 
which 2.1 X 10°~°M trypsin (either irradiated or unirradiated ) reacts (i.e., Method C). 
irradiated and unirradiated samples were compared to investigate the possibility 
that effects of 2,537-A light on constituent amino acids other than cystine could be 
responsible for some of the trypsin inactivation? *—in particular, for the forma- 
tion of inactive molecules. With sufficient irradiation to reduce the activity to 
50 per cent (BAEE-pCMB assay), the measured half-cystine content was reduced 
to ca. 60 per cent that in an unirradiated sample, whereas the other amino acid 
residues were not significantly decreased. Thus, apparently under the present 


experimental conditions most of the inactivation depends upon cystine disruption. 


Such a result is not unexpected inasmuch as 2,537-A light was purposely chosen 
for these experiments because it is strongly absorbed in the cystine component. !® * 

There are two reasons, however, for doubting that all of the ca. 40% loss in half- 
cystine content is produced directly by the UV: (a) Preliminary determinations 
by an adaptation of the methods of White®* and Liener*® show only slight decreases 
in the total thiol content of irradiated trypsin;** and (b) it is difficult to assess 
the validity of determinations by column chromatography of amino-acid losses in 
modified proteins. For example, Ryle and Sanger reported evidence of extensive 
disulfide interchange in ribonuclease samples during acid hydrolysis.** Similarly, 
in phosphoglucomutase, modifications in methionine produced by photooxidation 
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Fig. 5.—The trypsin activity which is measured after overnight exposure to differ- 

ent pCMB concentrations (i.e., Method C). Plot A represents the results of BAEE 

assays on the unirradiated trypsin samples shown in Figure 4, plot B the results of 

BAEE assays on the trypsin samples irradiated for 30 min, and plot C the results of 

BAKE-urea assays on the same irradiated samples. The “break point,’”’ BP, in plot 

B corresponds to the change in slope in Figure 4. 
can be reversed under the conditions normally used for the acid hydrolysis required 
for chromatography.’ Also, in the present experiments, it was observed that 
some component in irradiated trypsin can affect the amino acid content measured 
by column chromatography following acid hydrolysis./ 

Estimation of the number of groups which can react with pCMB: The linear correla- 
tion between the increase in the number of groups which can react with pCMB 
and UV-destruction of enzymatic activity is demonstrated above. Conversion 
of this correspondence to the number of disrupted cystine groups is, however, much 
more difficult. As other authors have pointed out, in experiments the nature of 
ours, certain important parameters are difficult to evaluate unequivocally.” 
Thus, it seems worthwhile to present a detailed basis for our analysis of the data. 

Conceivably a number of groups in irradiated proteins might react with pCMB, 
If n; is used to 


29 


each having a characteristic extinction coefficient at 255 my.?° 7! 
denote the average number of groups of type 7 (which can react “‘one-for-one”’ 
with pC MB) per molecule being titered and ¢; the corresponding ‘‘molar’’ extinction 
coefficient, then e moles of protein would be completely titered by b moles of pCMB, 
where b = edn; and the maximum OD observed when pC MB is in excess would be 


ed nie;. With pCMB limiting, the maximum OD would depend upon the num- 
u 


bers and relative reactivities, k;, toward pCMB of the different groups and would 
be equal to b> (ekin,/ > kin,). Since the present methods could not distinguish 
1 


U 
among a variety of reactive groups, the simplifying assumption is made that the 
groups which can react with pCMB may be lumped into two categories: those for 
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which «, ~ 0 and of which there are an average of j per molecule being titered; 
and an average of r groups per molecule with extinction coefficients of ¢«,. More 


specifically, 


(4) 


> ek Nj kre, +k Je kre, € 


T\ Lakin ke thy kr thy kyj. 
1 ] os j 
v/T 


Two methods of titration have been employed: Jethod C, in which different 
amounts of pCMB are added to a constant amount of the compound to be titered, 
and Method P, in which the pCMB concentration is held constant. Examples of 
changes in absorbance expected during titration by method C are plotted in Figure 
6. Krom this type and analogous plots for method P (e.g., see Figs. 3 and 4), 
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Fic. 6.—Expected relative absorbance changes in a titration by Method C, 
compared to a standard compound having « = 1. Plot A represents a compound 
with e = lr = Land k,r/(k,r + kjj) = '/2, Plot Ba compound with e = 1, r = 1, 
and kr/(krr + kjj) = 1, and Plot C a compound with e« = 0.8, r = 2, j = 1, and 
k k; = 0.7 


estimates of the parameters listed in the paragraphs above may be obtained from: 
7) the slope of the initial portion of each line, (77) the OD at the “break point” 
i.e., the point at which the plot changes slope—see the designation BP in Fig. 4), 
and (777) the concentrations of the titering and titered compounds at the break 
point. The relationship between these three quantities and the various parameters 


are indicated in Table 1 
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TABLE 1 
RELATIONSHIPS AMONG THE VARIOUS PARAMETERS DISCUSSED IN THE TEX1 


Wuicw May Be DerIvep FROM DIFFERENT FEATURES OF THOSE PLOTS 
OBTAINED FROM TITRATION Metuops P ano C 


Method C Method P 


(i) initial slope 


(ii) OD at “break point” 
(iii) concentrations at the ‘‘break point’’ (BP) 


Most workers have based estimates of the number of sulfhydryl groups in pro- 
teins upon the concentrations at the break point. Such estimates are of course 
only valid if the value of 7 is either zero or definitely known. Even if 7 can be de- 
termined independently, a main disadvantage to this procedure is that the position 
of the break point is found from the intersection of two “fitted” lines. Thus, there 
will be considerable uncertainty unless the data are exceptionally reliable or a wide 
range of concentrations can be studied (e.g., see Fig. 4). Even with a wide range 
of concentrations it may not be possible to secure a meaningful value if k;/k, de- 
parts markedly from unity (see plot C in Fig. 6). Accordingly, estimates based 
on the initial slope as well as those based on the concentrations at the break point 
are cited in this report. Cysteine has been used as a reference standard’ and as- 
signed the values of r, = 1 and j, = 0. This was done both to test our method of 
analysis and also in an attempt to utilize better the measurements of the slope of 
titration curves for irradiated trypsin. 

If the slope of the plot in method P is designated by p, and in method C by c, 
(where the subscript q will be designated as ¢ in the case of trypsin and s for the 


standard cysteine), then 


Pa 


C, 


and 


Combining the appropriate forms of (6) and (7) gives:" 


al em 2 IM (8) 
Ds€r; C; eS 


A sharp break is observed in all of the titration curves for cysteine. This is 
evidence that under our titration conditions either j, = 0 or else k),/k,, must be 
essentially unity. Substituting into equation (6) the appropriate values for 
cysteine from Table 2 gives a value of 1.03 for the ratio p,/c, (our value of 5.8 X 
10* for the cysteine-pCMB mercaptide compares exactly with Boyer’s value”). 
Considering the observed experimental uncertainties, this is sufficiently close to 


the expected value of unity so that the initial assignment of r l and j, = 0 


seems justified, 
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TABLE 2 
Method P Method C 
cysteine , 0.59 « 10‘ » = 0:57 <x 10" 
+0.03 xX +002 « 10‘ 
(24 (4) 
trypsin 1.90 x : + = 0.64 x 10° 
+0.07 ; +0.08 « 104 
(5) (24) 
3.0 3.0 
= +0.3 
(2) (19) 

The measured values of the initial slopes in units of optical density/mole and the 
ratio pCMB}]/|trypsin activity lost] at the break points (BP) for both cysteine 
and trypsin. The second line in each entry indicates the estimated standard deviation 
esd) of the measured values. The number of independent experiments from which 
the average and esd values are calculated is shown in parenthesis. Other symbols are 
explained in the text. The estimates of the [trypsin activity lost] were based on the 


BAEE-pC MB assay 


Inserting into equation (8) the measured values of p,, p,, and c, from Table 2 


. . ° h 
provides two estimates of r,, 


(1.90) (104) e,, 

(0.59) (104) «,, 

(1.90)(10*) —ky,/, | 
and (b) ory a = 3.0 — kitji/ky,. 

(0.64)(10) sk, 
These values agree well with those obtained by dividing the concentration of 
pCMB at the “break point” by the corresponding amount of trypsin activity 
lost: that is, 19 determinations by method C and 2 determinations by method P 
gave 


(c) rm = 3.0 — jr 


There is no evidence that other than “sharp breaks” occur in the titration curves 
of irradiated trypsin. -Thus, very likely either 7, ~ 0 or kj,/k,, ~ 1. The con- 
stancy of the initial slope of the titration curves in method C for different  ir- 
radiation times (see Fig. 4) shows that the ratio of j,/r, is independent of the 
amount of irradiation. 

With our experimental procedure, r,; is actually the increase in rather than the 
absolute number of titratable groups per trypsin molecule inactivated. In making 
the above estimates, the loss in activity was determined from the BAEE-pCMB 
assay. Measuring the activity lost by other assay methods would give different 
values of r, For example, instead of approximately 3.0, a value of about 2.4 
groups, molecule inactivated would be obtained if the loss in activity were estimated 
from the BAEKE-urea assay, or 4.5 with the BAEE assay. On the basis of previous 
work,'® a value of about 6-7 would be expected if the estimates of activity were 


based upon an assay employing casein alone.’ Also the use of a molecular weight 


other than 23,800 would correspondingly change the estimates of r;. 

Quantum yields: In the present experiments, the values of ts; were approximately 
60, 35, and 25 min for the BAEE, BAEE-pCMB, and BAEEF-urea assays respec- 
tively. Substitution of these times into equation (3) gives values for the respective 
quantum yields of .007, .012, and .017. This latter value is in good agreement with 
those reported by Goldenberg and McLaren,*! Setlow and Doyle,’® and Luse*® 
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for somewhat comparable experiments—although all aspects of their irradiation 
(e.g., temperature, pH, and trypsin concentration) and assay procedures were not 
identical with ours.’ 

For those quanta absorbed by trypsin. the yield for the production of groups 
which can react with pCMB is estimated as 0.036 (i.e., 3.0 X .012). Lyons re- 
ported a comparable yield for cysteine production when cystine is irradiated alone 
in 0.02 WM HC1.**" This similarity of values emphasizes the enhanced disruption of 
cystine in trypsin, inasmuch as the cystine residues likely account for less than 20 
per cent of the trypsin absorption at 2,537 A.** (Setlow and Doyle first anticipated 
such an increase in yield from their calculations that the probability of trypsin 
inactivation tor quanta absorbed in the constituent cystine is 0.10.'*) It seems 
impossible that this enhanced yield could be solely the result of differences be- 
tween the extinction coefficient of cystine in solution and in the protein. That is, 
even though the absorption spectrum of cystine in mixed peptides is markedly 
affected by neighboring residues,” the absorbance of trypsin is very nearly the 
same as the weighted sum of the extinction coefficients for the constituent amino 
acids.** Other factors which might account for the enhanced yield are discussed 
in the last section. 

Discussion of the Weak-Link Postulates.—Evidence consistent with the predic- 
tions of the weak-link hypothesis is provided by the demonstration in trypsin of 
(2) a linear correlation between the loss of enzymatic activity and the increase in 
the number of groups which can react with pCMB, (72) the increased loss in ac- 
tivity measured when pCMB is added to the irradiated trypsin prior to assaying, 
and (277) only the half-cystine content is significantly decreased in amino acid 
analyses of samples irradiated sufficiently to destroy 50 per cent of the enzymatic 
activity. In addition, the estimates of the increased number of groups which can 
react with pCMB are of the expected order of magnitude; that is, 7f two —SH 
groups were formed from each disrupted disulfide bond, then a value of r, = 2.0 
would be expected if only one disulfide were involved in inactivation and 4.0 if 
two were involved. 

On the basis of the amino-acid analyses, it seems unlikely that departures from 
r, = 2.0 or 4.0 would result from pCMB reacting with radiation-modified residues 
other than cystine or that as much as 25 per cent of the inactivation would result 
from the destruction of other residues. Even so, an intermediate value such as 
r, = 3.0 (or 2.4 if the estimate is based on the BAEE-urea assay) could arise in a 


number of ways. For example, in some molecules only one cystine may be dis- 


rupted but in others more than one, so that overall there is an average of 1.5 groups 
disrupted, molecule affected. At the same time, it is quite conceivable that the 
number of groups which can react with pCMB is not simply two times the number 
of eystines disrupted by UV. That is: (a) In our air-saturated, aqueous solutions 
some or even many of the products of UV-disrupted cystine might not react with 
pCMB, since pCMB reacts fairly specifically with —SH groups. (b) Some excited 
cystines might disassociate at the C—S rather than the S—S bond leaving a C—S—S 
configuration.**: 2 The subsequent loss of sulfur from this unstable grouping 
would appear as a decrease in half-cystine content, would yield only one —SH 
group that could react with pCMB, and would result in a molecule which could 
not be reconstituted to its native conformation. However, preliminary findings 





1542 BIOCHEMISTRY: AUGENSTINE AND GHIRON Proc. N. A. S. 


that the total thiol content is decreased only slightly in irradiated trypsin** indi- 
cate that C—S disassociation is probably not extensive.’ (c) The involvement of 
UV-produced —-SH groups in the formation of molecular aggregates would de- 
crease the number which could react with pCMB and would also increase the 
measured amount of inactivation if potential “active sites’ are either masked or 


sufficiently distorted. That 2,587-A light does produce trypsin molecules which 


can aggregate at pH 2.1 (having a sedimentation constant of 20S compared to 2S 
for native trypsin) has been reported by Setlow and Doyle.'® However, as dis- 
cussed above and also later, there is considerable doubt as to how rapid and ex- 
tensive aggregation is at pH 4.5. 

The nature of the products of cystine disruption: Unfortunately, a more definitive 
evaluation of the above and other possibilities must await completion of experi- 
ments now in progress which are designed to determine the nature of the products 
formed during the disruption of protein cystine by UV.*4 Even so the following 
limited inferences can be drawn from the available data. 

1) ‘these —SH groups which may be produced by UV are apparently all 
available .or reaction with pCMB. That is, there was no increase in the absolute 
value of D either when the pC MB reaction mixture contained 8.7 urea or when the 
irradiation was carried out at elevated temperatures up to 50°C.*4 This, of course, 
is to be expected if indeed the UV-disrupted cystines are intimately associated with 
the active center—which in proteolytic enzymes must be prominently exposed on 
the enzyme surface if they are to catalyze the reaction of macromolecular sub- 
strates. 

(2) All groups which can react with pCMB must have approximately the same 
reactivity: curve B in Figure 5 is plotted according to a binomial relationship 
based upon the assumption that all molecules other than those in the active class 
have an average of 2.7 groups of uniform reactivity toward pCMB and a damaged 
molecule becomes inactive if any of these groups participate in mercaptide forma- 
tion.’ 

(3) The present results show that damaged molecules are stable at pH 4.5 
over periods of a day. Possibly the products of a particular cystine disruption 
can not recombine because a sufficiently rapid and gross conformation change 
provides the necessary steric hindrance to disulfide reformation. Alternatively, 
this stability may indicate that the products of the cystine disruption do not 
readily recombine or react further at pH 4.5. For example, disulfide interchange 
and or reoxidation to form S—S bonds in some proteins and model systems is 
much more rapid at neutral pH than in mild acid.”” *- 44 However, Cecil and Mc- 
Phee point out that the factors controlling these processes in proteins are still in- 
completely known.?*) In any event, as anticipated previously,* the role of sub- 
strate in “reactivation”? must be either to overcome the steric obstacles or to modify 
the reactivity of the products so that an enzymatically active conformation can be 
reestablished. 

(4) Other authors have suggested that S—S bonds can absorb UV in the region 
of 250 mu and dissociate into -S* free radicals.'® #1. 46-48 Allen and Ingram found 
previously that electron-spin-resonance signals produced by 3,650-A light in 
protein solutions at liquid-oxygen temperature were lost on warming to room 


temperature.*’ Similarly, we were not able to demonstrate ESR signals in our ir- 
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radiated solutions.“ Thus, at room temperature the products of cystine disruption 
apparently do not persist in a free radical configuration (unless it is a highly de- 
localized state). 

The specificity of cystine disruption: As discussed above, the general form and 
even some of the specific results observed in the present experiments were predicted 
in earlier publications.'!?~' # An important part of the basis for these expecta- 
tions Was one assumption, which, although not absolutely essential to the weak- 
link model, was tentatively adopted early in its development, namely, that in- 
activation requires the disruption of only one or two specific cystines intimately 
associated with the active center rather than just any of the cystine groupings 
in an enzyme. Obviously, a selection between these two possibilities is of con- 
siderable importance not only to considerations of the general mechanisms of 
inactivation and energy migration in enzymes but also to considerations of the 
tertiary structure critical for enzymatic activity. Thus, even though ‘‘finger- 
printing” studies of irradiated trypsin and ribonuclease, designed to test directly 
the assumption of preferential disruption, are at the moment not complete,** it 
seems worthwhile to discuss this and two other possibilities on the basis of available 
data. 

(A) The simplest set of assumptions, of course, would be: all cystines in tryp- 
sin have equal probability of being disrupted; the disruption of any cystine causes 
inactivation; and the disruption by UV of the first cystine plus the reaction of its 
products with pCMB does not affect other cystines. However, such an arrange- 
ment would restrict r, to 2.0 or less (at least for small fractions of inactivation). 


) 


Thus, this model can be ruled out since r, ~ 3.0 and the inactivating event is 
“one-hit” (i.e., the residual activity can be depicted by equation (2)). Further, 
the linearity in Figure 3 seems to indicate that the disruption of the first cystines 
in a given molecule occurs with much higher probability than subsequent ones. 
(Actually, a marked departure from linearity toward the expected maximum 
sulfhydryl titer has been observed only with greater than 70 per cent inactivation.) 
On the basis of these three observations, one of the following two models is im- 
plied. 

(B) If the integrity of a// cystines is essential for trypsin activity, then the 
UV-disruption of the first of the eystines in a moleucle must lead to the disruption 
of a second one with high probability. In addition, either some cystines are more 
likely to be disrupted by UV initially or else the disruption of the first cystines ap- 
preciably decreases the probability for subsequent ones. 

(C) Alternatively, if as suggested above, there are both crucial and non-crucial 
cystines; then, either the disruption of a crucial cystine is closely linked to the 
disruption of another cystine or else in many molecules non-crucial cystines are 
disrupted prior to those essential for the maintenance of the active conformation. 
In either case, the probability for disruption of the last cystines in a molecule must 
be considerably less than that for the inactivating event. A number of observa- 
tions pertinent to this and the previous model are discussed in the following. 

The enhanced yield of cystine disruption in trypsin was discussed in the section 
on Quantum yields. Unfortunately, it is impossible to calculate exactly the 
vield for those quanta specifically absorbed in cystine residues, because the ab- 


sorption spectrum of cystine in even mixed peptides is markedly affected by neigh- 
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boring residues.*” However, crude estimates can be made if it is assumed that the 
absorbance of cystine residues in trypsin is comparable to that for diglyeyleystine.” 
The molar extinction coefficient for trypsin and diglycylceystine are about 15,000 and 
500, respectively. If there are six cystine residues/trypsin molecule,*!: ** #4 then 
cystine accounts for approximately 0.2 of the trypsin absorbance, so that for quanta 
absorbed by cystine residues the yield of groups which can react with pCMB is 
(3)(.012)/(0.2) = 0.18. This is 4.5 times that reported by Lyons for cystine in 
solution.*?' If actually there is only one crucial cystine, the yield for its disruption 
by quanta absorbed by it would be (.012)(15,000)/(500) = 0.36. Two types of 
effects might account for such enhanced yields. 

The reactivity of a particular disulfide could depend upon a number of features 
of its molecular environment (e.g., see ref. 29). Possible features can be illustrated 
by three observations. 

(a) Lyons reported two-fold larger -SH yields from diphenyl-, di-o-tolyl-, and 
di-p-tolyl disulfides than from cystine.*? He suggested that the presence of the 
phenyl groups depressed deamination, thus enhancing the sulfhydryl yield. (Ap- 
parently, he did not consider that energy absorbed in the aromatic chromophore 
might cause S—S rupture.) 

(b) Lumry and Eyring suggested that some of the tertiary bonds may be com- 
promised or distorted as a means of minimizing the free energy of protein con- 
formation.®? Such bonds should be easily disrupted, with possibly a consequent 
relieving of strain on other tertiary bonds and a corresponding decrease in the 
probability of their subsequent disruption. 

(c) It appears that the temperature coefficient for the production of inactive 
trypsin molecules (ca. 2 keal./mole) represents vibrational modes associated with 
the torsional movement of a hydrogen atom.” Presumably, such movement is an 
essential step in the process whereby the hydrogen-bond component of the weak 
link is completely disrupted. The indicated interaction of excited disulfides with 
neighboring peptide groups or hydrogen bonds could thus influence the probability 
of a molecular rearrangement which persists—either by insuring the necessary 
spatial separation of the radiation products or by modifying the nature of the 
products. 

The enhanced vield values calculated above would, of course, be serious over- 
estimates if there were extensive energy transfer to crucial cystines. However, 
there should be little or no transfer of excitation energy from aromatic chromo- 
phores to cystines by sensitized fluorescence. Although phenylalanine, tyrosine, 


and tryptophan account for ca. 80 per cent of the trypsin absorbance at 2,537 A, 


there should be negligible overlap of the emission spectra of the aromatic residues 
(peaked near 400 my) and the cystine absorption (peaked at about 250 my)5* 54 

at least for cystines which are not in a distorted configuration (see 6b above). 
Even so, transfer of excitation energy from an aromatic residue to an immediately 
adjacent cystine might occur with high efficiency over very short distances (e.g., 
see discussion of ref. 54). Unfortunately, the arrangement of amino acids in 
trypsin is not known, so that it is impossible to estimate how extensive such trans- 
fer might be.” In this regard, it is of interest that there is a tyrosine residue im- 
mediately adjacent to 3 out of 4 of the cystines in ribonuclease® (ribonuclease con- 
tains no tryptophan) where observed yields at 2,537 A are larger than those cal- 
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culated from the sum of the products of (absorbance) X (expected yield) for the 
constituent amino acids. '® 

Perhaps energy absorbed elsewhere in trypsin might also become localized at 
crucial cystine(s) as a result of intramolecular photoconduction: the 2,537-A 


quanta have more energy (4.89 e.v.) than the minimum separation of the ground 


state and conduction bands in proteins calculated by Evans and Gergeley® and 
experimentally estimated by others.*’~®* (if so, the conduction must conform to 
the restrictive conditions discussed in the companion report.'7) Studies of the 
thermoluminescence from y-irradiated trypsin have shown that at least certain 
radiation-induced electronic rearrangements do become preferentially localized 
at only one or at most a restricted number of sites.4:°* Further, Gordy and co- 
workers concluded that unpaired electrons on cystine sulfur were important sources 
of the electron-spin-resonance signals from many of their x-irradiated proteins. 

Even if the “fingerprinting” and similar experiments do reveal that in an ir- 
radiated enzyme, pCMB reacts preferentially with only a restricted group of the 
potential thiols, it is still possible that some of the initial damage might occur at 
cystines other than the crucial ones. That is, the disulfide-interchange studies of 
Klotz et al. indicated that a reaction at one thiol could affect the integrity of another 
disulfide in the same molecule.*! Thus, the involvement of excited cystines in 
disulfide interchange could give r, ~ 3.0, first-order inactivation, and linear correla- 
tion of D and activity lost over an appreciable range. 

Potentially, disulfide interchange as a result of pCMB reaction with radiation- 
produced -SH groups could give the same result; however, there is uncertainty 
that pCMB reaction with modified trypsin leads to extensive disulfide interchange. 
That is, Liener reported that trypsin treated with Na.SO; has an average of only 
two groups which can react with pCMB per molecule inactivated.** Perhaps the 
detergent used in their pCMB titration altered structures, either in the molecule 
or its immediate environment, which are necessary for disulfide interchange.*! 
However, if this were the critical factor, we should have likely observed a 33 per 
cent decrease in the value of D when 8 M urea was added during the reaction with 
pCMB. This was not observed.* 

In addition to the persons mentioned in the text,?: * we wish to thank Drs. Boyer, Liener, and 
Lumry for helpful suggestions. One of us (CAG) is particularly grateful to Drs. Pollard and Set- 
low for making it possible to carry out much of this work in the Biophysics Department, Yale 
University, while he was a student there. 

* Footnotes in this article are indicated by means of italie superscript letters; references to 
the literature are indicated by roman superscript numbers. The lists of footnotes and references 
are to be found below. 

“ Research performed at Brookhaven National Laboratory under the auspices of the U.S 
Atomic Energy Commission. 

” The observed rate of trypsin inactivation by UV is known to depend upon the type of sub- 
strate used to measure the activity remaining after irradiation.'? To avoid complications arising 
from this effect, only the synthetic substrate L-benzoyl arginine ethyl ester-HCl (BAKE) is used 
in the present experiments—that is, only the ‘‘esterase’’ activity is studied. 

© The value of 5.5 M urea is that employed in the standard hemoglobin method used previously 
to measure “‘protease’’ activity.!* In some cases, the standard hemoglobin assay was used instead 
of the BAEE-urea since no significant difference could be demonstrated in the rates of inactivation 
measured by the two assay methods. 

4 We thank our colleagues D. Koshland and G. Latham for aid in this phase of the work. 





1546 BIOCHEMISTRY: AUGENSTINE AND GHIRON Proc. N. A. S. 


* Luse has observed a similar effect with ribonuclease. 
‘ Inadvertently, one group of samples was sealed for acid hydrolysis under normal atmospheric 
conditions and heated at 135°C for 22 hr instead of sealing under in vacuo and heating at 110°C 
for 18 hr. In the unirradiated samples, the threonine, serine, and tyrosine contents were lower 


than expected, half-cystine was very low, and methionine was absent. In irradiated samples 


histidine, arginine, proline, half-cystine, methionine, tyrosine, and phenylalanine were all com- 
pletely absent. This is in contrast to the essentially sole loss of half-cystine from irradiated 
samples hy drolized in vacuo, 

Cysteine is used as both a reference and a primary standard inasmuch as all pCMB concen- 
trations were determined by titration against cysteine. 

" If the j’s and k’s or e's can be determined separately, then r;can be evaluated. Thus, the two 

formulations are presented in equation (8) even though they are not completely independent. 

Luse has reported r; = 3.0 at 50 per cent inactivation using casein assay and amperometric 
titration of —-SH.** However, there were important differences between his experiments and 
ours: his irradiations were carried’out at room temperature under nitrogen. As a result, his 
estimates of quantum vield and of r; fall in between our values for the BAEE-pCMB and BAEE- 
urea assays 


In plot B of Figure 5 


e\2.7 
) 1) — A py 


ind re A pp 


That is, the activity, A,, for concentrations of pCMB less than that at the break point, cgp, is 
given by the first expression and for greater concentrations is equal to the activity, Agp, at the 
break point. This designates c/cgp as the probability that a particular radiation-produced group 
will form a mercaptide. The value of 2.7, (which is midway between 2.4 and 3.0) was chosen in 
this case because it is not known which of the present estimates of r; is most appropriate for dam- 
aged molecules. 

"We thank Dr. John Maling (Biophysics Laboratory, W. W. Hansen Laboratory of Physics, 
Stanford University) for investigating the electron-spin-resonance properties of our irradiated 
material. 

Note addea in proof: K. Dose and B. Rajewsky (cf. Abstract #102 for the International Bio- 
physics Congress, Stockholm, 1961) observed a vield for —-SH production from cystine (at pH 1) 
by 2537-A light in agreement with Lyons’ value.*? However, they observed larger values for 
ésu in reduced glutathione at pH 3: in the presence of Os, ésx 0.06 and with No, dsH ~ 0.09. 
They did not observe splitting of the C—S bond in either oxidized glutathione or cystine at any 
pH. C—S breakage was important in thiols (evsteine or reduced glutathione) or a thioether (meth- 
ionine) at pH 8.5. The authors appreciate receiving this information prior to its publication. 

" Note added in proof: Dr. K. A. Walsh, University of Washington, has kindly communicated 
that in trypsinogen, portions of the amino-acid sequences adjacent to 10 of the 12 half-cystines 
are known. There is an aromatic residue (phenylalanine) immediately adjacent (on the amino 
side) to only one of the 10 
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THE PHYSICAL STATE OF NEWLY SYNTHESIZED RNA* 
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We have earlier reported the enzymatic synthesis of RNA from the four riboside 
triphosphates by a DNA-containing nucleoprotein of pea embryos.' Since the 
nucleoprotein contains the bulk of the tissue DNA and since it resembles in com- 


position and properties the chromatin obtained directly from the nuclei of pea 


embryos,”? we refer to the synthetically active material as chromatin. The RNA 
newly formed by our system is not liberated as free polynucleotide chains but re- 
mains associated with the DNA-containing nucleoprotein from which it may be 
liberated by heat. The present paper is concerned with the nature of this complex. 

Materials and Methods.—Preparation of chromatin: Enzymatically active chromatin (DNA- 
containing nucleoprotein) was obtained from the embryonic axes of germinating pea seeds. 
Pea seeds, variety Alaska, were germinated for ca. 46 hr, at ca. 20°C. The cotyledons were then 
removed from the growing embryonic axes, which were immediately chilled, sterilized with 100 x 
diluted Clorox, and ground for 1 min in a Waring Blendor with 1.5 volumes of homogenizing 
medium (0.25 M sucrose, 0.001 M MgCh, and 0.05 M tris buffer, pH 8.0). The homogenate was 
filtered twice through miracloth and the resultant filtrate centrifuged at 4,000 x g for 30 min. 

‘he chromatin of the pellet was scraped from the underlying hard-packed starch, resuspended 
in grinding medium, and washed twice by centrifugation at 10,000  g¢ for 10 min. This was 
followed by two further washings in 0.25 M sucrose and one in 0.05 M tris buffer, pH 8. The 
final pellet was suspended in 0.05 M tris buffer, pH 8.0, and, frequently, dialyzed against the 
same buffer for 16 hr. Each kilogram fresh weight of tissue treated in this way vields 400 to 500 
milligrams of nucleoprotein, composed of protein, DNA, and RNA, in the ratios of approximately 
10:1:0.25, 

Determination of RNA, DNA, and protein: Quantitative determination of RNA was generally 
according to Ts’o and Sato.* From the alkaline hydrolysate (0.3 N KOH, 18 hr, 37°C), the DNA 
was precipitated with perchloric acid (0.5 NV). RNA was determined upon the perchloric-soluble 
supernatant by optical density and checked by the orcinol method of Dische and Schwartz.‘ 
DNA was determined by the diphenylamine method of Burton® or by optical density of the DNA 
hydrolysate (0.5 N perchloric acid, 90°C, 10 min). 

Preparation of nucleoprotein complex containing freshly synthesized C'-labeled RNA: For the 
preparation of material containing freshly synthesized RNA, 1 ml of enzyme prepared as above 
and containing approximately 1 mg DNA was incubated for 10 min in an incubation mixture 
containing tris buffer, pH 8, 200 micromoles; MgCl:, 20 micromoles; cysteine, 20 micromoles; 
GTP, CTP, and UTP, each 2 micromoles; ATP (8-C'*), 3 micromoles (4 microcuries), in a total 
volume of 2 ml. In each preparation, 20 to 40 incubation mixtures such as that described above 
were separately incubated and combined at the end of the incubation period. It was found un- 
necessary to include sodium fluoride in the incubation mixture, since the present preparation has 
negligible ATPase activity. At the end of the incubation period, the reaction mixture was im- 
mediately cooled to 0° and centrifuged for 30 min at 12,000 X g, and the pellet was resuspended 
in standard saline citrate (NaCl 0.15 M, Na citrate 0.015 M) and dialyzed for 48 hr’ against con- 
tinued changes of external solution to remove the bulk of the unincorporated labeled ATP. 

Standard assay for amount of label contained in RNA: The amount of C'* label contained in 
RNA was determined by a standard procedure as follows. To the reaction mixture, or aliquot, 
was added 5 ml cold 5% TCA per ml reaction mixture. The acid-insoluble precipitate was 
washed once with cold 5% TCA and once with ethanol ether (3:1) and was subsequently extracted 
twice with 5 ml portions of 109% NaCl, at 100°C, for 30 min. At each extraction, 4 mg of carrier 
RNA was added. The combined NaCl extracts were then equilibrated with 2 mg of unlabeled 
ATP for 30 min at room temperature. The RNA was next precipitated by addition of absolute 
alcohol, final concentration 70°7, and the precipitate washed twice with cold 5% TCA. The 
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precipitate was then redissolved in 1 ml of water with a trace of ammonia. The radioactivity of 
the RNA was then determined in a gas flow Model D-47 Nulcear Chicago counter on 0.2 or 0.4 
ml aliquots. 

Nature of labeling in the RNA thus synthesized: It should be noted that the RNA synthesized 
by our system is internally labeled and does not consist merely of terminal addition of AMP resi- 
dues to existing polynucleotide chains. That this is so is shown by the data of Table 1, which 


TABLE 1 
Amount of C!*Labeled AMP Present in 
Freshly Synthesized RNA (uum) 
After treatment 
Initially and dialysis 
Treatment of RNA puumoles) uumoles) 


Control 380 342 
Periodate 380 317 


concerns an experiment in which labeled RNA, prepared as described above, was subjected to 
treatment for the removal of the terminal nucleoside residue. The labeled RNA was first incu- 
bated for 30 min with | X 107% M Na periodate to oxidize to the dialdehyde the ribose of the 
terminal nucleoside. After completion of oxidation, the mixture was adjusted to pH 10 and 
incubated at 25° for one hr. The data of Table 1 show that this procedure, which is sufficient 
for complete removal of the terminal nucleoside, results in insignificant removal of activity from 
the present labeled RNA. They also demonstrate that the bulk of the labeled AMP incorporated 
into freshly synthesized RNA by pea embryo chromatin is not terminal, since it is not removed by 
periodate treatment followed by hydrolysis. 

Experimental Results —That the freshly synthesized and labeled RNA remains 
closely associated with the DNA-containing nucleoprotein is indicated first of all 
by the fact that the labeled RNA accompanies the chromatin to the pellet during 
centrifugation at 10,000 X g. This is shown in the data of Table 2. The data of 
Table 2 further show that the newly formed RNA which accompanies the chromatin 


TABLE 2 
uumoles Labeled RNA* 
Before RN Aase After RN Aaset 
Fraction treatment treatment 
Pellet (10,000 « gq) 524 5138 
Supernatant 149 15 


* Per sample of chromatin containing 1.7 mg DNA. 
+ RNAase treatment: 50 ug/ml, 60 min at 37°C 


to the pellet is wholly resistant to attack by RNAase (50 ug per ml, 1 hr at 37°), 
in a concentration and time and treatment sufficient to degrade to TCA-soluble 
material 90% or more of free RNA.! It is clear therefore that the newly formed 
RNA which accompanies the chromatin is protected from RNAase in some way 


and may be spoken of as being bound in complex of some form. 

That portion of the newly synthesized RNA which is not readily sedimentable 
is also apparently bound to chromatin, but to chromatin which has been fragmented 
to smaller pieces, perhaps by the preparative procedures used. This is shown by 
the data of Table 3. For this experiment, chromatin containing newly formed 
RNA was subjected to increasingly strong centrifugation. All of the newly 
formed RNA is sedimented by centrifugation at 38,000 rpm for 12 hr, and the 
material thus sedimented possesses the same composition and specific activity as 
the more readily sedimentable fractions. 

Newly synthesized RNA bound in complex in the chromatin nucleoprotein is 
released from this complex by the action of DNAase, as is shown by the data of 
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TABLE 3 
Range of pwumoles 
sedimentation newly formed Protein: DNA 
constants of RNA in ratio of 
Fraction fraction fraction traction 
Original chromatin 6,940 10:1.2:0: 
Pellet from 10,000 rpm, 
60 min SS-1 head Ss < 1000 1,648 10:1.4:0 
Pellet from 38,000 rpm, 
60 min SW-39 head § 160 364 10:1.2:0 
Pellet from 38,000 rpm, 
6 hr, SW-39 head Ss < 30 105 
Pellet from 38,000 rpm, 
12 hr, SW-39 head ; 15 242 
TABLE 


TCA-precipitable 
r're of chromatin newly synthesized RNA* (uuM) 


None 372 
DN Aaset 116 
DN Aase followed by RNAaset 88 
* Per sample of chromatin containing 0.9 mg DNA 
DNAase treatment: 50 ug/ml; MgCl; 3 X 10°2M, 2.5 
RN Aase treatment: 100 wg/ml, 1 hr at 37°C. 
Table 4. By release from complex is meant in this case release of RNA to from 
susceptible to RNAase. The data of Table 4 show that once the DNA of chromatin 
has been largely degraded by the action of DNAase, the newly synthesized RNA 
becomes available for attack by RNAase. It may be concluded therefore that 
the original complex in which the newly synthesized RNA is present and by means 
of which it is protected from attack from RNAase involves the DNA of the chro- 
matin. It would appear therefore that the complex in which newly formed RNA is 
associated with DNA is not in the present instance a complex which is not sus- 
ceptible to DN Aase.® 
It is known that the association between nucleic acid chains to form the double 
helix of DNA, or between polyribonucleic acid and polydeoxyribonucleic acid 
chains to form RNA-DNA hybrid double helices, may be broken by heat and 
that the stability of the particular secondary structure involved may be character- 
ized by its melting profile in which optical density’ or optical rotation’ is plotted as a 
function of temperature. Such a melting profile, using optical density as the 
property under observation, is presented in Figure 1 for DNA prepared from pea 
embryo chromatin by the Sevag process according to Marmur.’ Since the melting 


profile is dependent upon the ionic strength in which the melting is conducted," 


data are given in Figure 1 for two ionic strengths, that of standard saline citrate 
(0.16 M salt) and that of dilute saline citrate (0.016 J/7 salt). In both cases, the 
optical density of the preparation increases sharply over a range of about 20°C 
as the result of dissociation of the DNA. The 7, or temperature at which half- 
melting is achieved, is approximately 89°C. at the higher ionic strength, and ap- 
proximately 71° at the lower ionic strength, in general agreement with melting 
temperatures found for DNAs of other origin. 

The melting profile for the liberation of RNA from the complex in which it is 
bound in chromatin may now be compared with that of the DNA itself. The melt- 
ing profile of the newly formed RNA complex was determined by making use of 
the properties of resistance to RNAase of the RNA bound in complex and suscepti- 
hility of free RNA to the same enzyme. For these experiments, aliquots of chroma- 
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TEMPERATURE: °C 


Fic. 1.—Melting profiles as followed by optical density of purified pea em- 
bryo DNA in solutions of two different ionic strengths, that of standard saline 
citrate (0.16 M) and that of 10x diluted standard saline citrate (0.016 1). 


tin containing freshly synthesized labeled RNA were heated for 5 min at each of a 
range of temperatures. Each aliquot, after it had received its 5-min heat treat- 
ment, was inmediately cooled to 0° and subsequently incubated for one hr at 37° 
with RNAase, and the sample was then analyzed for total TCA-insoluble labeled 
RNA by the methods given above. The data of Figure 2 show that RNA is 
liberated to RNAase-susceptible form by treatment of the chromatin at tempera- 
tures above about 45°C. At lower temperatures, the newly formed RNA remains 
resistant to RNAase attack. At temperatures higher than 60°, the RNA be- 
comes essentially completely susceptible to RNAase attack. The 7’ or tempera- 
ture of half-liberation of RNA, by the present criterion, is approximately 50°C. 
The data of Figure 2 show further, however, that the liberation of freshly formed 
RNA from its chromatin complex is not affected by alteration of ionic strength of 
the melting medium. It may be concluded therefore that the original complex 
is not one involving purely base-pair hydrogen bonds, as in the double-stranded 


complex of DNA itself. The data of Figure 2 would seem more probably to repre- 
sent the effect of temperature on denaturation of a protein or proteins of the nucleo- 


protein complex. 

The chromatin nucleoprotein prepared as described above contains endogenous 
RNA. A portion of this endogenous RNA may be bound to the chromatin in 
(not formed during incubation in vitro with the four riboside triphosphates) trivial 
manner, but a portion is bound in a manner apparently similar to that in which 
the newly formed RNA is also bound. Thus the endogenous, nonlabeled RNA of 
chromatin is resistant to the action of RNAase, as is shown by the data of Table 
5, and becomes susceptible to this enzyme as the result of heating of chromatin 
to 60°C for 5 min. 

Treatment of chromatin at 60°C not only releases both endogenous and newly 
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Fig. 2.—Temperature profiles for the release to RN Aase-sensitive 
form of C'-labeled newly synthesized RNA from the RN Aase-resistant 
form in which it is bound in chromatin. For each point, chromatin 
samples containing approximately 420 pumoles Cl AMP in newly syn- 
thesized RNA were held for 5 min at the temperature indicated and 
treated with RNAase (50 wg/ml) for 1 hr at 37°C., and the residual 
TCA-precipitable RNA was determined. 


TABLE 5 


Initial amount Amount of RNA 
of RNA in degraded by % of RNA 
chromatin RN Aase released 


Treatment of chromatin 
(mg) (mg) 


Chromatin at 0° then RN Aase, 
37 C, Lhr 0.14 0.012 


Chromatin at 60°C, 5 min, then 
RN Aase, 37°C, 1 hr 0.14 0.104 


TABLE 6 
Amount of Material (mg) :—— 
Sedimentable Not sedimentable 
at 10,000 XK g at 10,000 X g 
Treatment Material (mg) (mg) 
Chromatin held at 0°C DNA 1.09 0.01 
RNA 46 0.10 
protein 2.8 0.37 
Chromatin held at 60°C, 5 min DNA 70 0.47 
RNA 36 0.24 
protein ay 1.3 


formed RNA in the sense of converting these materials to RNAase-susceptible 
form but in addition causes physical release of RNA in the sense that the released 
RNA is no longer sedimentable with the chromatin by centrifugation at 10,000 
x g. DNA is also liberated from the chromatin by this procedure. As is shown 
by the data of Table 6, the ratio of RNA to DNA in the liberated and nonreadily 
sedimentable material is approximately 1 RNA to 2 DNA. This is true whether 


the particular chromatin preparation used contains much RNA, as in the experi- 
ment of Table 6, or relatively less, as in the experiment of Table 3. The thus 
liberated DNA melts sharply with a 7'y in dilute saline citrate (0.016 M salt) of 
71°. This DNA is therefore similar to the deproteinized and purified DNA of 
Figure 1 and is apparently present in double helical conformation. That the RNA 
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is not bound in any intimate complex whth the DNA of its fraction is indicated 
by the fact shown in Figure 2 that all of the newly formed RNA of chromatin 
which has been heated to 60°C is completely degradable by RNAase. It may be 
concluded therefore that the material released to the supernatant as a result of 
60° treatment consists in all probability of a mixture of double helical DNA and 
free RNA. 

Discussion.—It has been shown that the RNA freshly synthesized by the chroma- 
tin nucleoprotein complex of pea embryos is not liberated as free RNA, but differs 
from free RNA in that it is (a) sedimented with the chromatin at relatively low 
centrifugal forces and (b) protected by something from susceptibility to attack by 
RNAase. The freshly synthesized RNA may therefore be said to be present in 
the chromatin nucleoprotein in the form of a complex. This complex involves the 
DNA of the chromatin, since degradation of the DNA by DNAase liberates the 
freshly synthesized RNA. The complex also involves the protein of the chromatin, 
since deproteinization of the nucleic acid by phenol or by repeated Sevag treatment 
renders the bulk of the newly formed RNA susceptible to RNAase. RNA is also 
liberated from the chromatin complex by brief heat treatment at 60°, a tempera- 
ture lower than the melting temperature of the purified DNA of the material and 
not influenced, as is the latter, by ionic strength. 

It appears, therefore, that both the protein of the nucleoprotein and its DNA 
are involved in the complex in which the newly formed RNA is synthesized and held. 
Further hints concerning the nature of this complex are provided by the ratio in 
which RNA and DNA are liberated from the chromatin by treatment at 60°. 
This ratio is sufficiently close to 1:2 to invite suspicion. The RNA and DNA 
thus liberated are no longer in intimate association but behave as free RNA and 
DNA. The RNA, both newly formed and endogenous, has, by the treatment, been 
liberated from the original complex. It appears, therefore, that when this complex 
is disrupted, RNA and DNA are liberated in a ratio of 1:2. The total complex, 
in its native form as present in the chromatin, may therefore be concluded to be 
one in which freshly synthesized RNA and DNA are present in this ratio together 
with an unspecified and as yet unknown amount of protein, the latter conferring 
upon the complex as a whole a portion of its properties. 

Summary.—The RNA enzymatically synthesized from the four riboside tri- 
phosphates by isolated chromatin of pea embryos remains bound to the chromatin 
in the form of an RNA-DNA-protein complex. RNA thus bound is resistant 
to attack by RNAase but may be released to an RNAase-susceptible form either 
by (a) degradation of the DNA of the complex by DNAase or (b) heating of the 
complex to 60°C for a brief period. Since the temperature which liberates the 
newly formed RNA is lower than that required to melt the DNA of the chromatin 
and, unlike the latter, is little influenced by ionic strength, it is concluded that the 
release of newly formed RNA by heat is attributable to protein denaturation. 

DNA as well as RNA is released from chromatin by brief treatment at 60°C. 
rom the stoichiometry of their appearance, it is concluded that the original com- 
plex consists of RNA and DNA in a ratio of 1:2 together with protein. 

* Report of work supported in part by U.S. Public Health Service Grants Nos. A-3102, RG- 
3977, RG-5143 and National Science Foundation Grant No. G-7129. 
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THE CHEMICAL STRUCTURE AND ENZYMATIC FUNCTIONS OF 
BOVINE PROCARBOXYPEPTIDASE A 


By James R. Brown, Davin J. Cox, Roperick N. GREENSHIELDS, KENNETH A, 
WatsH, Maxkoro YAMASAKI, AND HANS NEURATH 


DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF WASHINGTON 


Communicated August 11, 1961 


Procarboxypeptidase A is the zymogen of an exopeptidase, carboxypeptidase A, 
which liberates from peptides and proteins carboxyl-terminal amino acids whose 
side chains conform to the specificity requirements of this enzyme.! The active 
enzyme can be isolated from activated bovine pancreatic juice or from drippings of 
fresh pancreas glands by a procedure originally described by Anson;? alternatively, 
the enzyme can be isolated from acetone powder of unactivated beef pancreas 
glands by the procedure of Allan,* which is now undergoing further modifications 
and refinements. Carboxypeptidase A is a metalloenzyme which is inhibited by 
1,10 phenanthroline and other metal chelating agents, zinc being the metal which is 
functionally and structurally intrinsic to the native enzymes. *:> Several molecular 


parameters pertaining to size, charge properties, and amino acid composition of 
the enzyme are well established,! but the detailed chemical structure of this enzyme 
remains to be elucidated. Experiments to this end are part of a group program 
now in progress in this laboratory and in the laboratories of B. L. Vallee, Harvard 
Medical School. 

Procarboxypeptidase A, the inactive precursor of this enzyme, can be found as 


such in bovine pancreatic juice, in zymogen granules,’ and in other subcellular 
components of the acinar cells of the bovine pancreas, and the metabolic origin 
and history of this and other pancreatic zymogens are now under investigation in 
this laboratory by Keller and Cohen. While the presence of procarboxypeptidase 
A was reported in 1937 by Anson,? it was only some 20 years later that its isolation 
in seemingly pure form was achieved by Keller et al... When prepared from an 
aqueous extract of a pancreatic acetone powder, procarboxypeptidase A has all 
the properties of a single homogeneous protein, as judged by chromatography on 
DEAE-cellulose, by sedimentation in the ultracentrifuge, and by free-boundary 
electrophoresis. 

The activation of the zymogen is catalyzed by trypsin and, when properly con- 
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trolled, produces not one but two enzymes, i.e. carboxypeptidase A and an esterase 
which hydrolyzes the substrate acetyl-L-tyrosine ethyl ester.’ This esterase is 
sensitive to diisopropylphosphorofluoridate (DIFP) and is an obligatory intermediate 
in the formation of the final enzymatic product, carboxypeptidase A. Comparison 
of the molecular weight of the zymogen (87,000)° and of carboxypeptidase A (34,- 
300) indicates that considerable proteolytic destruction must accompany the ac- 
tivation reaction. The nature of the resulting fragments has not yet been eluci- 
dated. Zinc, the intrinsic metal of carboxypeptidase, which is found also in the 
zymogen, evidently remains firmly attached to the enzyme moiety during the ac- 
tivation process. 

A more recent. investigation of this rather unusual reaction, which is the subject 
of the present communication, has led to a revision of our views of the nature of pro- 
carboxypeptidase A and of the molecular events occurring during its activation. 
This work has led to the new concept that procarboxypeptidase A, though ap- 
pearing as a well-defined molecular entity, actually is a molecular complex of three 
discrete protein components, two and possibly all three of these being zymogens 
for specific enzymes. The experimental evidence for this conclusion will be briefly 
described below, and will be published in full elsewhere. 

Procarboxypeptidase A, prepared chromatographically by a procedure to be 
described elsewhere, contains three N-terminal groups, as determined by use of 
the fluorodinitrobenzene reagent. These are aspartic acid (or asparagine), lysine, 
and half-cystine, indicating that the protein molecule consists of three different 
polypeptide chains. The C-terminal groups have not yet been identified, but 
their presence is indicated by the release of stoichiometrically significant quantities 
of several amino acids by carboxypeptidase A, including, in particular, leucine, 
tyrosine, valine, and phenylalanine. Since Thompson’ previously found that 
carboxypeptidase A contains only one N-terminal amino acid, which was identified 
as asparagine, the present end group analyses have been interpreted as an indica- 
tion that the proenzyme contains, in addition to the carboxypeptidase A moiety, two 
other subunits, each posessing a single polypeptide chain. Attempts were there- 
fore made to separate these three components from each other. This has indeed 
been accomplished by two procedures, i.e. in the presence of concentrated urea 
solutions and in aqueous solutions above pH 10. 

In the presence of increasing concentrations of urea, the sedimentation pattern 
of procarboxypeptidase changes, the single boundary characteristic of procarboxy- 
peptidase being gradually replaced by a more slowly sedimenting species. In 
7-8M urea this effect is complete, and all of the procarboxypeptidase is converted 
into the slower moving component. This effect of urea was found to be virtually 
instantaneous, independent of time, and, under the conditions that had been 
tested (dilution of dialysis), irreversible. Since the intrinsic viscosity of the pro- 
tein remains unchanged in the presence of urea, the decrease in sedimentation 
coefficient to that found for carboxypeptidase in urea solutions has to be ascribed 
to a decrease in molecular mass rather than to an increase in molecular asymmetry. 

Another, less rapid but. operationally preferable, method of molecular disaggre- 
zation consists of exposing solutions of procarboxypeptidase to buffers of alkaline 
pH (approximately pH 10.2 at room temperature), which, after 24 hr, leads to 


the complete transformation of procarboxypeptidase A into a component with 
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lower sedimentation coefficient. In order to prevent autolysis and to inactivate 


any spontaneously formed endopeptidase, the reaction was carried out in the 


presence of large amounts of DFP. The nonenzymatic nature of this disaggrega- 
tion reaction was established by the fact that the product of disaggregation has no 
significant carboxypeptidase or endopeptidase activity and, furthermore, by the 
finding that the same disaggregation reaction was observed when DF P-inhibited 
endopeptidase, which is still in the form of the 87,000 molecular weight unit, was 
subjected to the same procedure. The sedimentation patterns of the disaggrega- 
tion mixture after, respectively, nine and twenty-four hours of reaction are shown 


in Figure 1. 


SEDIMENTATION PATTERNS 


Procarboxypeptidase A treated at pH 10.5 and 22°C 


After 9 hours After 24 hours 


| 


 asdameapiltaal 
Photographs taken after 80 minutes. Sedimentation at 
59,780 rpm 


Fic. 1.—Sedimentation patterns of procarboxypeptidase A, treated at pH 
10.5 and 22° C for 9 and 24 hr, respectively. S’2 is_2.49S for the major 
component in the 24-hr sample. 


The products of nonenzymatic disaggregation, obtained at pH 10.2 in the pres- 
ence of DEP, can be separated from each other by column chromatography 
on DEAE cellulose with a yield of approximately 70 per cent of the starting 
material. Fraction I tended to precipitate spontaneously on standing in the cold; 
the chromatogram of the proteins remaining in the supernatant fluid is shown in 
Figure 2, the subfractions being denoted, respectively, by the Roman numerals 


I, II, and III. 

Each of the subfractions was characterized by amino acid analysis and by meas- 
urements of sedimentation coefficient and was tested, where possible, for enzymatic 
activity before and after activation with trypsin. 

Sedimentation analysis of Fractions II and III gave monodisperse patterns with 
so» w of 3.0S and 2.98 respectively. The sedimentation constants of procarboxy- 
peptidase A and carboxypeptidase A are, respectively, 5.9 and 3.18. 

The results of amino acid analyses carried out by the procedure of Spackman, 
Moore, and Stein” are given in Table 1 and are expressed in terms of moles of amino 
acid per mole of proteins. The values for the molecular weights of the subfrac- 
tions that were used for purposes of calculation are tentative, since precise meas- 
urements of both sedimentation and diffusion coefficients yet remain to be carried 
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TABLE 1 
AMINO Acip COMPOSITION OF PROCARBOXYPEPTIDASE-A AND DERIVATIVES 
Fractions 

PCP CP I II [II I+ TII+II 
Amino acid 87,130 gm 34,300 gm 36,130 gm 26,020 gm 24,870 gm 87,020 gm 
Lysine 29 15 15 30 
Histidine 19 8 8 : 6 19 
Arginine ‘ 10 12 8 28 
Aspartic acid ¢ 28 28 2! ys 76 
Threonine 5 2! 25 j 51 
Serine i ; 34 j ) 66 
Glutamic acid ; 26 29 y+» 2! 76 
Proline 38 12 : : 37 
Glycine 8 2 26 2: 2 68 
Alanine : > 21 ) ) 53 
Half cystine 2 3 ) 17 
Valine 5¢ j ( ‘ 55 
Methionine j : ; ( 2 (6.00) 
Isoleucine : ys : ; 48 
Leucine 2: ; : 
Tyrosine 2! om: ¢ j 32 
Phenylalanine , j 3 


97 


Tryptophan 26 ¢ 27 


DEAE-Cellulose Chromatography 
Procarboxypeptidase Treated at pH 10.5 for 24 Hours 
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Fig. 2.—Chromatographie separation of the products of disaggregation of procarboxy- 
peptidase A on DEAE-cellulose, at pH 8.0. The Roman numerals identify the three com- 
ponents resulting from disaggregation. 

out. The analytical calculations were carried out on the basis of 3, 2, and 1 
methionine residues, respectively, per mole of Fractions I, III, and II. It will 
be noted, first of all, that the sum of the amino acid composition of the subfrac- 
tions agrees fairly well with that of procarboxypeptidase A. Furthermore, the 
amino acid composition of the zymogen is different from that of carboxypeptidase A 
and different also from each of the three subunits. There is close similarity in the 
amino acid composition of crystalline carboxypeptidase A and of Fraction I. 
The data also reveal some similarities in the amino acid composition of Fractions 
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I} and III. The tyrosine: tryptophane ratio is approximately unity in the zymo- 
gen, greater than one in Fraction I, and less than one in Fractions IT and ITI. 

The close similarity in the amino acid composition of Fraction I and carboxy- 
peptidase A is further corroborated by the finding that Fraction I, like the enzyme, 
vields DNP-aspartie acid when subjected to end-group analysis with fluorodinitro- 
benzene. It has not yet been possible to establish proof of the enzymatic identity 
of these components, since inactivation of carboxypeptidase occurs under the 
conditions employed for disaggregation. 

Fraction II contains half-cystine as N-terminal group and, after tryptic activa- 
tion but not before, hydrolyzes acetyl-L-tyrosine ethyl ester and hence can be 
identified with that activity. This is also in agreement with other work to be 
described elsewhere, which indicates binding of DFP** and concomitant. inactiva- 
tion. Fraction II, after activation, also hydrolyzes glucagon and casein, as does 
the endopeptidase which results from activation of procarboxypeptidase itself. 
It should be pointed out, however, that these two entities, although both hy- 
drolyzing the same ester substrate, are not identical, since the entity formed upon 
tryptic activation of procarboxypeptidase has the same molecular weight as the 
zymogen (87,000), whereas the activated Fraction II is a much smaller molecule 
with a molecular weight of approximately 25,000. Also, preliminary experiments 
indicate that the two active enzymes exhibit different specificities in the hydrolysis 
of glucagon as evidenced by two-dimensional paper chromatography of the reac- 
ticn products. 

Fraction II, after activation, also hydrolyzes p-nitrophenylacetate, as do chymo- 
trypsin and trypsin. Although the amino acid composition of Fraction IT is dif- 
ferent from that of chymotrypsins A and B, its enzymatic specificity appears to be 
similar to that of the known chymotrypsins. The enzyme is inactive toward 
elastin and toward substrates for esterase, lipase, and nucleases. 

It has not yet been possible to establish the nature of the biological activity of 
Fraction III. The protein, before or after the addition of catalytic amounts of 
trypsin, proved to be inactive when tested toward substrates for a variety of pan- 
creatic enzymes, including the following: proteinases (using casein and glucagon 
as substrates), trypsin, chymotrypsin, carboxypeptidases A and B, esterase, 
lipase, elastase, and nucleases. Fraction III was devoid of inhibitory activity 


toward trypsin, chymotrypsin, or carboxypeptidase A. It is possible that this 
protein underwent inactivation under the conditions leading to disaggregation, 
and different disaggregation procedures are now being explored in order to identify 


the biological specificity of this fraction. 

The present investigations have led to a new concept of the molecular events 
leading to the activation of the procarboxypeptidase A. Thus, an entity which by 
all criteria of protein chemistry appears to be a single molecular species actually is a 
molecular complex containing within its molecular structure three subunits, two 
of which can be clearly identified as precursors of chemically and enzymatically 
distinct enzymes. One of these, Fraction I, is carboxypeptidase A, or more prob- 
ably an immediate precursor thereof. Fraction II, in contrast, is the immediate 
precursor of an endopeptidase which is sensitive to DFP and which, like chymo- 
trypsin, hydrolyzes the specific ester substrate, acetyl-L-tyrosine ethyl ester. 
The enzymatic nature of the third subunit remains to be clarified. The nature of 
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the forces which maintain the subunit in an aggregated state also remain to be 
understood, as does the physiological mechanism responsible for the activation of 
this zymogen. It is likely, however, that, under the conditions employed herein 
(pH 10.2 at room temperature), the irreversible denaturation of one of these sub- 
units is necessary in order for the reaction to go to completion and to be essentially 
irreversible. 

The relationship of the nonenzymatic and enzymatic steps involved in this acti- 


> 


vation scheme is summarized in Figure 3, wherein each of the enzymatically in- 
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Fig. 3. \ proposed scheme to illustrate the relation of molecular disug- 

gregation to the activation of procarboxvpeptidase A. The closed circles 

denote the enzymatic components in the zymogen form, the broken circles 

the respective active forms. Fraction I* is carboxypeptidase A, Fraction 

II* an endopeptidase having an activity similar to that of chymotrypsins; 

the enzymatic activity of Fraction III* has not vet been elucidated. The 

jagged circle represents a denatured form of Fraction | 
active zymogen subunits is depicted by a closed circle. The corresponding active 
states are denoted by broken circles representing in analogy to the activation of 
other zymogens!! the splitting of one or more peptide bonds. 

According to this scheme, the true activation steps are the conversion of each 
of the subunits into an active form. This probably involves in each case a process 
of “limited proteolysis,” i.e. enzymatic hydrolysis of a discrete number of peptide 
bonds in the single polypeptide chains of Fractions I and IT, and possibly also of 
Fraction II]. The physiological mechanism leading to disaggregation is obviously 
different from that employed in this investigation; however, the presence in pan- 
creatic extracts of products of partial disaggregation, representing, perhaps dimers 
or even monomers, is suggested by preliminary observations which have led to the 
chromatographic isolation of fractions which have a higher specific endopeptidase 
and carboxypeptidase A activity and lower sedimentation constants than pro- 
carboxypeptidase A. Further characterization of these fractions and of the 
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mechanism of disaggregation of procarboxypeptidase A are now in progress. 
Summary.— Evidence is presented to show that procarboxypeptidase A, although 
a single molecular species as judged by the criteria of protein chemistry, is actually 
a molecular complex, having two, and possibly three, distinctive enzymatic activi- 
ties. The molecule consists of three polypeptide chains which can be separated 
from each other under certain conditions. One of these is carboxypeptidase A 
or an immediate precursor thereof; the second of these has been identified as a 
precursor of an endopeptidase which hydrolyzes acetyl-L-tyrosine ethyl ester and 
glucagon. The mechanism of this nonenzymatic disaggregation reaction and its 


relation to zymogen activation have been considered. 


Our thanks are due to Roger D. Wade for ultracentrifugal and electrophoretic analyses, to Kay 
Ladue for quantitative amino acid analyses, and to Elizabeth Edwards for technical assistance in 
the preparation of procarboxypeptidase A. This work has been supported in part by grants from 
the American Cancer Society (Nos. P-45 and P-79), the National Institutes of Health (No. RG - 
1617), and the Office of Naval Research (Contract No. NR-477-04). 
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TRANSFORMATION BY DENATURED DEOXYRIBONUCLEIC ACID 
By W. R. GuILp 
BIOCHEMISTRY DEPARTMENT, DUKE UNIVERSITY MEDICAL CENTER 
Communicated by Bruno H. Zimm, August 28, 1961 


On raising deoxyribonucleic acid (DNA) to temperatures above a critical ‘“melt- 
ing point,” the helical secondary structure collapses! and the biological trans- 
forming activity declines to a few per cent of its initial value. It does not go to 
zero, however, and this “‘resistant”’ transforming activity, first reported by Lerman 
and Tolmach,? has been the subject of considerable investigation. Marmur and 
Lane® found that it resisted 120°C and therefore could not be due to an anoma- 
lous very high guanine-cytosine content creating a resistant species of molecule. 
In following up this problem, they discovered ‘“‘renaturation”’ of dissociated single 
strands and suggested that this phenomenon, occurring to a slight extent even on 
fast cooling, would account for the resistant activity. 

Ginoza and Zimm,‘ however, found that the level of the resistant fraction was 
constant over a 200-fold range of concentration during heating, whereas renatura- 
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tion of dissociated strands had been shown to be dependent on the square of the 
concentration.*: ®> Their further studies provide very suggestive but not compelling 
evidence for the conclusion that the residual activity is a property of single-stranded 
denatured DNA itself. Roger and Hotchkiss® also suggest, on other grounds, that 
it is a property of the denatured DNA, but prefer to think of it as double-stranded 
rather than single. 

One alternate possibility exists, however, namely, that there are some DNA 
molecules whose strands are held together by a small amount of a non-DNA ma- 
terial and that some of these will renature on fast cooling, independent of total DNA 
concentration. Since this appears to be what happens at temperatures just below 
the irreversible melting temperature, e.g. 88°C., where the reversible (ambient 
temperature) hyperchromic shift is over 80 per cent complete,* the rate should be 
adequate if only there is something holding occasional strands together. In 
this case then, the residual activity would be carried by essentially native renatured 
molecules, the alternative being that it resides in the denatured molecules which 
are merely less efficient at getting into the bacterial genome. 

This question is readily settled by the use of CsCl density gradients, since de- 
natured DNA has a density about 0.015 gm./ml greater than that of the correspond- 
ing native DNA, as first shown by Meselson and Stahl.7 Pneumococcal DN As con- 
taining streptomycin (S) and novobiocin (N) resistance markers respectively were 
prepared by a phenol method described elsewhere.’ Portions of each were heated at 
a concentration of 23 ug/ml in 7.7 molal CsCl for seven minutes at 100°C and 
cooled in an ice bath. Mixtures of heated and unheated DNAs were made a 
follows: (1) Neither heated; (2) 8 heated, N unheated; (3) N heated, S unheated. 
3.0 ml of each mixture were then placed in tubes of the SW-39 rotor, layered with 
2.2 ml of mineral oil, and centrifuged for 77 hr at 35,000 rpm in the Spinco Model 
L Centrifuge. 

The tubes were fractionated by puncturing with a needle and collecting each 
drop (mean volume 0.01 + .001 ml) in a separate tube, which was then diluted for 
transformation assay. The final assay data were obtained using 1/250 of the DNA 
ver drop, which put all points on the linear region of the concentration-response 
curve. The results are shown in Figure 1, where the values for the heated DNA 
have been magnified 10-fold for easy presentation, and we see that the residual 
transforming activity of the heated DNA (about 5 per cent of the initial) is as- 
sociated with a well resolved peak 17-19 drops more dense than the unheated ac- 
tivity. The predicted value for denatured DNA, from calculation of the density 


gradient, drops per cm, etc., is 18-20 drops, which is excellent agreement consider- 


ing the errors involved in drop size, mean radius, and so forth. 

There is a slight trail of a few per cent of the activity toward lower density. 
This is common with the drop-collecting procedure and presumably is due to 
mixing as the material comes down the tube. If any of the heated activity is due 
to renaturation, it is a very small fraction of the total. The three tubes behaved 
very similarly, the curves of Figures la and 1b being essentially superimposable. 
The native DNA peaks in all three have been sketched using the combined data. 
While there appear to be few points near the top of Figure le particularly, the near 
coincidence of the native peaks is amply confirmed by the low points when plotted 


ona semi-log scale. 
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Fic. 1.—Transforming activity in fractions from mixtures of heated and unheated pneu- 
mococcus DNAs after separation in a CsCl gradient. N= novobiocin resistance marker, 


S=streptomycin resistance marker. Heated activities are multiplied by 10. Expected 
separation between native and denatured DNAs, 19+1 fractions. Other details in text. 


From these data and the lack of concentration dependence mentioned earlier,‘ 
we conclude that the residual activity of heated DNA is in fact a biological property 
of single denatured molecules. We have not demonstrated here that these are 
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single strands, but we rely on the work of Marmur, ef al.*:° on this point. Whether 
or not this material is single-stranded, this result demonstrates once more that the 
Watson-Crick helical structure of native DNA is not required for biological activity, 
though transformation of bacteria is much more readily accomplished by such a 
molecule. 

We can now interpret more fully the observations of Lerman and Tolmach.? 
They compared the effect of various damaging agents on transforming activity 
and on the ability of the DNA to be permanently incorporated into receptor cells, 
as measured by P*? uptake. For most agents (UV, X ray, DNase, ete.), P*? in- 
corporation fell one-fifth to one-fourth as rapidly as did transformation, showing 
that most of the damage was to processes occurring after incorporation of the DNA. 
In the case of heat at 95°C, however, the P* incorporation fell as rapidly as did 
transformation to a value between 5 and 10% per cent of the initial activity. At this 
point, both P* and transforming activity leveled off, and in the subsequent slow 
decline (Ginoza and Zimm’s “‘single hit’’ process‘), P*? incorporation again fell more 
slowly than the transforming activity. The intercepts of the slow component 
suggested, in this one experiment, that the transformation per unit P*? incorpora- 
tion was if anything higher than that of the control. 

It is therefore clear that the loss of transforming activity on denaturation is due 
entirely to a decreased, but nonzero, efficiency of incorporation per molecule and 
that material which is incorporated is as good as or better than the starting material 
at carrying out the remaining biological steps of the process. 

There is a further point of interest. Ginoza and Zimm/‘ found that the survival 
curves of activity versus time of heating actually crossed one another for small 
temperature increments near 90°C; Le., the rate constant of the slow component 
decreased nearly a factor of two in a narrow temperature interval at the point 
where complete irreversible collapse had occurred. After four hours’ heating, e.g., 
This was the 


1 


the surviving activity at 90.8°C was three times that at 90.3°¢ 
chief result leading to the conclusion that the slow component represents chemical 


damage to single strands and that above the melting temperature the single strands 
act independently in transforming bacteria. Since the latter conclusion is now 


confirmed, we can agree with their argument that at temperatures just below the 
complete dissociation point, damage to either strand inactivates both for trans- 
formation purposes. This result is consistent with the observations of single-hit 
inactivation kinetics seen for damage to transforming activity by other agents, 
such as ionizing and ultraviolet radiation, deoxyribonuclease, mustards, ete.” ° 


Note added: Since this work was done we have learned that Rownd, Lanyi, 
and Doty” also have found by density-gradient studies that the residual activity 
is in the denatured band. 


The author wishes to thank Emmett Pratt for able technical assistance. This work was carried 
out under Grant A-4811 from the National Institutes of Health. 
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THE SELECTIVE SYNTHESIS OF INFORMATIONAL RNA IN 
BACTERIA* 
By Masaki HayAsHIt AND 8. SPIEGELMAN 
DEPARTMENT OF MICROBIOLOGY, UNIVERSITY OF ILLINOIS 

Communicated by H. S. Gutowsky, August 14, 1961 
Introduction.—For the past several years, this laboratory has employed virus- 
infected cells to examine the nature of the mechanism involved in transcribing infor- 
mation from DNA for the protein-synthesizing apparatus. The data obtained 
are consistent with the simplest of transcription devices, namely, that RNA strands 
complementary to homologous DNA are the informed intermediaries. The ex- 


perimental steps leading to this conclusion may be briefly noted, since they served 


fected cells. 
Existence proof of RNA homologous to DNA: The existence of a ‘“T2-specific 
RNA” inferred from the P*? experiments of Volkin and Astrachan! was established 


as an operational guide in the present attempts to extend this mechanism to unin- 


by Nomura, Hall, and Spiegelman.? The proof was attained by separating the 
newly synthesized RNA from the bulk of the cellular RNA using both zone elec- 
trophoresis in starch columns and centrifugation in sucrose gradients. The T2- 
specific RNA was found to have a higher electrophoretic mobility and a greater 
heterogeneity in size than the three principal normal RNA components (23S, 
16S, and 48). It was further shown that T2-specific RNA was ribosome-bound 
but with a linkage very sensitive to disruption by low magnesium levels. 

Sequence complementarity: Having established T2-specific RNA as a physical 
entity and provided methods for its selective enrichment, it was possible to proceed 
to an inquiry into the significance of the homology in base ratios between it and 
T2-DNA. To examine this question, Hall and Spiegelman* employed the device 
described by Marmur and Lane‘ and Doty et al.' for the reconstitution of double- 
stranded structures. It was possible to show that RNA-DNA complexes were 
indeed formed in mixtures of single-stranded T2-DNA and purified T2-RNA sub- 
jected to a slow cooling process. The success of the hybridizing experiment. sug- 
gested immediately that the original observation! of a similarity in base composi- 
tion between T2-RNA and DNA was indeed a reflection of a more profound ho- 
mology. The fact that hybrid formation was found to be unique to the homologous 
pair led to the conclusion that the nucleotide sequences of T2-RNA and DNA are 
complementary. 

Existence of natural RNA-DNA complexes: If continued formation of comple- 
mentary RNA is a necessary concomitant, it should be possible to find RNA-DNA 
hybrids in any cell actively engaged in protein synthesis. Again, the T2—E. coli 
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complex was chosen. By the use of suitable labeling and detecting devices, Spiegel- 
man, Hall, and Storck® showed that natural RNA-DNA complexes do indeed exist. 

The experiments with the T2-H. coli system accomplished two things. They 
lend evident support for the supposition that information transport from DNA 
is accomplished via a complementary RNA strand. They provide an operational 
definition of what we mean by informational RNA. From both the theoretical 
and empirical viewpoints, the necessary and sufficient criterion is complementarity 
of base sequence with homologous DNA as revealed by the hybridization test.* 
Other features of T2-RNA may or may not be shared by other informational RNAs. 

We come now to the question of universality, which is the primary concern of 
the present paper. Can the observations and conclusions derived from the study 
of the T2-E. coli system be generalized to non-infected cells? 

The detection and study of the properties of the informational RNA formed in 
T2-infected cells was greatly facilitated by the fact that the synthesis of the ribo- 
somal RNA components is suppressed. This advantage is not generally present 
in uninfected cells, which, consequently, complicates the search for normal infor- 
mational RNA. That it is, nevertheless, feasible is indicated by some recent 
experiments. Yéas and Vincent’ infer the existence in yeast of a metabolically 
unstable and homologous RNA from P*? experiments similar to those of Volkin 
and Astrachan.! Astrachan and Fisher*® preliminarily report they have similar 
findings with bacteria. Finally, Gros et al.* confirm an earlier? observation that 
short pulses in F. coli lead to the appearance of RNA species in the size ranges which 
characterize T2-informational RNA. Many of these studies involve very short 
pulses and the consequent synthesis of rather small amounts of RNA. In no case 
was a rigorous identification of complementary RNA completed. 

It would clearly be of great advantage if a circumstance could be found or de- 
vised in normal cells which would be analogous to that which occurs on infection 
with T2. Essentially, what we are demanding is a condition which suppresses 
ribosomal RNA synthesis and permits the prolonged formation of the informational 
variety. The possibility that a situation of this sort might, in fact, be realizable 
was suggested by recent studies”~!* on RNA and protein synthesis during passage 
from fast to slow growth. 

Several features emerged from these experiments which encouraged us to look 
more carefully into such transitions as pertinent to the purposes we had in mind. 
It has been known for some time that the RNA content of a cell is positively corre- 
lated with its growth rate. Since the bulk of the RNA is ribosomal, cells growing 
at higher rates possess more ribosomes.'* Consider then the situation when one 
subjects a culture to a “step-down” transition by transferring cells from a rich to a 
synthetic medium. The growth rate is decreased by a factor of about 2. More 
important, at the moment they are introduced into synthetic medium and for 
some time thereafter, the cells have more ribosomes than they can usefully employ. 
From the viewpoint of selective advantage, it is perhaps not surprising to find'’~” 
that such step-down transitions are accompanied by a dramatic cessation of net 
RNA synthesis. Nevertheless, protein synthesis proceeds for a while at near 
normal rates. In their relative rates of net protein and RNA synthesis, such cul- 


tures are completely analogous to T2-infected cells. It seemed probable that the 
remaining residue of RNA synthesis would be restricted to the variety immediately 
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necessary for the fabrication of new protein molecules, i.e., the normal informational 


RNA for which we were searching. Experiments were, therefore, undertaken to 
see whether these expectations were realizable. 

It is the purpose of the present paper to describe the results obtained. The 
data show that informational RNA is indeed preferentially synthesized for con- 
siderable periods of time in such step-down transitions. The RNA, thus formed, 
is analogous in all tested characteristics to the T2-specific RNA studied in previous 
investigations. !~* § 

Vethods and Materials.—Bacterial strains: The bacteria chosen covered the available range of 
DNA base composition. The following strains were used: £. coli, C-122 and B; Ps. aeruginosa, 
A\TCC-10197; B. megaterium, KM. 

Media buffer and conditions for growth: The conditions for preparing cells for an experiment 
are similar to those described previously.6 The minimal medium (SC) used for EZ. coli was medium 
C of Roberts et al.!4 modified by lowering the phosphate concentration to 107 M and including 
0.1 M tris (hydroxymethyl) aminomethane (Tris) buffered at pH 7.3. Pseudomonas aeruginosa 
and B. megaterium were grown in a modified SC medium (FC) in which ferrie chloride was re- 
placed with ferric citrate at 3 X 1074 M and |-glutamate was added to a level of 3.56 « 1072.M. 
The enriched medium was a modified? Penassay medium (MPM). 

The general buffer used, designated by 7M, is Tris at 0.01 M and 0.005 Mg** buffered at 7.4. 

Radioactive pulses with “step-down” and control cultures: To obtain ‘“‘step-down’’ cultures, 
logarithmically growing cells in MPM were collected and washed with minimal medium twice. 
The washed cells were then resuspended in minimal medium and aerated at 30°. Control (non- 
step-down cultures) were obtained by taking log phase cells growing in minimal medium, subject- 
ing them to the same washing procedure, and resuspending them in minimal medium. 

P82 (20-200 pe/ml) was added at the indicated times and intervals. When tritium was the 
label, H®uridine (1,600 we/uM) was used. The duration of the pulse determined the amount of 
cold uridine added as a carrier. The final level of uridine ranged from 0.5 to 2 7/ml in the various 
experiments. At the end of the pulse, cells were dumped into equal amounts of cracked ice 
made by freezing the appropriate minimal medium to —70°. The cells were centrifuged, col- 
lected, and washed with pre-cooled TM bufter. They were then resuspended in the same buffer 
at a concentration of about 1 X 10! cells per ml. 

Preparation of extracts and lysates: To the cells and buffer, lysozyme (200 y/ml) and DN Aase 
50 y/ml) were added. The mixture was next frozen at —70° and then thawed by holding it at 
37° for one min. The procedure was repeated twice, then duponol (to a final concentration of 
0.4°,) was added and the lysates were kept at room temperature for five min. The time of de- 
tergent treatment of the lvsate was extended to 15 min for B. megaterium. The lysates were then 
chilled and the RNA purified by the phenol procedure of Gierer and Schramm. After removal 
of the ether, the RNA in the water layer was precipitated with three volumes of cold ethanol, the 
precipitate redissolved in TM buffer and reprecipitated once more. After a final solution, the 
RNA was dialyzed against TM for 12 hr in the cold and again reprecipitated with ethanol. 

Ultracentrifugational analysis: The characterization of size distribution in RNA preparations 
was made by centrifugation in linear sucrose gradients using swinging bucket rotors as described 
previously.2 The sucrose was buffered with TM. The only modification made in the present 
study was the use of rotor #8W25. The centrifugation was carried out at 25,000 rpm for 12.5 hr 
with a rotor temperature of 10°C, 

The identification and separation of RNA-DNA hybrids was achieved by equilibrium centrif- 
ugation in CsCl] gradients as detailed in earlier publications.* ® In all eases, at the end of the 
‘entrifugation, the tubes were removed, the bottoms pierced with a needle, and the contents of the 
tubes collected as separate fractions. 

Optical density and radioactivity measurements: After suitable dilution, the UV absorption at 
260 my of each fraction was taken and aliquots removed for precipitation with trichloracetie acid 
and the addition of 100 y of salmon sperm DNA as a carrier for filtration. Counting of radio- 
wctivity was carried out as described previously” * using trichloracetie acid washing on millipore 
membranes and the Packard Tri-Carb scintillation counter, which permits the counting of either 
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P®?? or H*. P*? content of fractions eluted from Dowex columns was determined with the Nuclear 
thin window gas flow counter. 

Base composition analysis of RNA: Tothe RNA preparation, sodium hydroxide was added to a 
final concentration of 0.3 N and the mixture incubated for 20 hr at 30°. The resulting 2’—3’ 
nucleotides were separated using a Dowex formate column with a cross linkage of 8% and a 
column size of 1 X 5em. Eluents used were as follows: 0.005 N HCOOH to remove traces of 
nucleosides and free bases, 0.025 N HCOOH to elute cytidilic acid, 0.1 N HCOOH for adenylic, 
0.05 N HCOOH + 0.05 N HCOONH, for uridylic, and 0.1 N HCOOH + 0.2 N HCOONH, for 
guanylic. Unlabeled RNA (2-3 mg) of known base composition was added to each sample prior 
to the hydrolysis step to obtain sufficient O.D. in the four nucleotide regions and provide controls 
on losses of individual nucleotides. The amount of each nucleotide was calculated using known 
molecular extinction coefficients. The radioactivity of each fraction was determined with the aid 
of a nuclear gas flow counter. Since the added carrier was of known base composition, the data 
permit the calculation of base compositions in terms of both the distribution of the counts in the 
relevant peaks and the specific activities in the peak regions. 

Experimental Results.—Base ratios of RNA synthesized during a step-down transi- 
tion: Asa first step, the base composition of the RNA synthesized during a step- 
down transition was examined. The analysis was carried out by the P*?-labeling 
procedure described under Methods and Materials. To make the comparison with 


the control culture valid, the P*? pulse was not started until the “step-down” 
culture had begun logarithmic growth. Two periods of labeling were examined, 


the first lasting for 10 min and the second for 20 min. Table 1 summarizes the 


TABLE 1 
BasE Ratios of RNA IN ConTROL AND “Step-Down” CuururRes oF Ps. aeruginosa 
Time after transfer Moles per cent G+C 

Culture and interval of pulse ; 1 U(T) G A+ U Pu/Pyr. 
Control 20-30 25.9 23.5 22.4 28 . 2 1.18 1.07 
20-40 24.3 p 2, 22.5 29 .¢ 1.18 1.13 

Step-down 20-30 31.2 9.5 i8 Sie 68 1.03 
20-40 2s 21.0 ‘ 2 43 1.03 


DNA 32.0 18 18 3: 1.77 1.00 


Bulk-RNA 22.3 23.1 23 .6 3 1.14 1.21 


Both cultures were transferred in log phase to synthetic medium. Control came from synthetic, the ‘‘step- 
down"’ from complete medium. They were subjected to P®? pulses at the times and for the intervals indicated. 
rhe RNA was removed, purified, and hydrolyzed with alkali in the presence of added carrier RNA. The nucleo- 
tides in the resulting hydrolysate were separated on Dowex columns and counted and their O.D.s at 260 mu were 
determined. The numbers given are derived from the distribution of the counts and isotope dilution calculations. 
For purposes of comparison, the total RNA base composition determined from UV absorption data are included for 
each organism along with the homologous DNA base composition. 


data obtained for both the control and the step-down cultures of Ps. aeruginosa. 
Comparison of the two sets of data shows clearly that there is indeed a preferential 
synthesis of RNA homologous to DNA in the step-down culture and that this 
synthesis proceeds for extended periods of time subsequent to the transition. The 
control culture during the same period of time synthesizes an RNA which is very 
similar in its base composition to the pre-existent bulk RNA. 

To examine the generality of this phenomenon, experiments were carried out 
with several organisms of widely differing DNA base composition. Table 2 sum- 
marizes experiments with three different organisms in which P*? pulses were carried 
out at various periods following a transitional transfer from enriched to minimal 
medium. It will be noted that in each case the RNA synthesized during the 
transition mimics the homologous DNA in its per cent GC and purine to pyrimidine 
ratio. Again, the length of time during which this selective synthesis of homologous 
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TABLE 2 
Base Ratios or RNA IN “Ster-Down’’ CULTURES 
Moles per cent 


Minutes after ‘ 
Organism Transfer , U(T) 


E. coli 5 2: 24. 23.5 
60 25.2 2: 22.1 
DNA 26 2: 24 
Bulk-RNA 24.: 2é 19.7 
Ps. aeruginosa 5 2 21.¢ 
60 27 y ; ol. 29. 
DNA 3: : 29 
Bulk-RNA ae ae 2 23.6 ol. 53. 21 
B. megaterium 5 9.7 27.4 2s 23 . 1.05 
DNA ; 31 19 ‘ 1.00 
Bulk-RNA 21.9 22.4 23.6 32.0 53.9 1.19 
All cultures were tre ie in log phase from complete to synthetic medium at 30°C. At times indicated, 
they were subjected to a 3-min p _ with P#. The RNA was removed, purified, and hydroly zed with alkali in 
the presence of added carrier RNA. The nucleotides in the resulting hydrolysate were separated on Dowex 
columns and counted, and their O. »D. s at 260 mu were determined. The numbers given are derived from the 
distribution of the counts and isotope dilution calculations. For purposes of comparison, the total RNA base 


composition determined from UV absorption data is included for each organism along with the homologous DNA 
base composition 


RNA continues should be noted. In the case of Pseudomonas aeruginosa, even 
60 min after the transfer a readily detectable fraction of the RNA formed is homolo- 
gous to its DNA. 

Size distribution of RNA formed during step-down transitions: The data sum- 
marized in Tables | and 2 appeared to confirm our expectation that informational 
RNA is preferentially synthesized. It was of obvious interest to see whether the 
other properties of complementary RNA revealed by the study of the T2—E. coli 
complex obtained in the present instance as well. 

Informational RNA constitutes a quantitatively minor component and is more 
heterogeneous in size than the three major components.* © 16 Consequently, 


the preferential synthesis of the informational variety is readily revealed as dis- 


cordancies between radioactive and optical density profiles observed when total 
RNA from pulsed cells are subjected to density gradient centrifugal analyses. 
Two cultures, control and ‘‘step-down,” were treated identically after removal 
from their respective media. Each was washed and transferred into minimal 
media. Fifteen min after the transfer, they were subjected to a 15-min H*-uridine 
pulse. The RNA was isolated, purified, and centrifuged on linear sucrose gradients. 
Figure 1 compares the results obtained in the two cases. In each instance, the 
Q.D. profile readily identifies the 23S, 16S, and 4S RNA components uniformly 
found in the cells. The parallelism between counts and O.D. in the control is 
excellent in the 23S and 16S regions. Below this region, we see evidence of dis- 
crepancies, a situation which is not surprising, since the control culture would also be 
expected to make informational RNA. Its presence would not be masked 

regions which lack the more stable ribosomal variety. In the step-down culture 
we find discordancies in all the size ranges of the RNA. It is clear from the radio- 
active profile that the RNA synthesized in the “step-down” culture is extremely 
heterogeneous, ranging in size all the way from above the 23S region down to 4S. 
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Ps. Aeruginosa 1/5'H3-Uridine Pulse ; /5 min.after transfer 
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Fig. 1.—Swinging-bucket analysis in 2.5-15 per cent sucrose gradients of phenol purified RNA. 
Cells were exposed to a 15-min H*-uridine pulse 15 min after transfer into synthetic medium. The 
upper set comes from cells growing in complete medium before the transfer, the lower from cells in 


synthetic. In each case, closed circles identify pre-existent and open circles newly synthesized 


RNA. 


This is in agreement with what has been seen in T2-infected and non-infected cells 


of EF. colt examined by the procedures employed in the present study." 
Base ratios of the various sizes of RNA synthesized in a step-down culture: 


To 
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investigate the relation to informational RNA of the various size ranges synthesized 
during the step-down transition, it was desirable to determine the base compositions 
of the relevant fractions. In this case, a step-down culture, Ps. aeruginosa, was 
subjected to a 3-min P* pulse 5 min after log-phase growth had begun, which 
corresponds to 25 min after the transfer. The ribonucleic acid was purified and 
examined in a sucrose gradient. The optical density and radioactivity profiles 
are given in Figure 2. Again, we note a lack of correspondence between the two 
profiles indicating the preferential synthesis of RNA differing from the three major 
components. 

The fractions indicated by arrows in Figure 2 were analyzed for base composition. 
For purposes of ready comparison, numbers corresponding to the per cent GC 
and the purine to pyrimidine ratios characterizing each region are recorded in 
parentheses. Further details on the base-ratio analyses are given in Table 3. 


TABLE 3 


Ps. aeruginosa: Bask CoMPposiITION OF VARIOUS SIZES OF RNA 3-MiIn P®-Pvu 
Down” CULTURE 
Moles per cent 
Fraction No 
(Fig. 8) Region : A T) 
10, 11 23S 25. 22 23.4 yo Be 54.5 03 
16, 17 168 , 2) 21.8 56 05 
23, 24 10-128 30.5 20.! 19 2 60 02 
26, 27 6-8S of 19.8 20.6 28 59.6 94 


%GC Pyr 


DNA 3: 18 18 32 64 00 
P-RNA 2: 26.8 20 52. 1.30 
Conditions of experiment and —_ ses similar to those described in Table 2. The fractions taken are those 


indicated by arrows in Figure 2. P-RNA means purified ribosomal RNA, and the base composition was obtained 
from UV absorption data of the nuc ss stides. 


Comparison of the parameters reveals that DNA-like RNA of all size classes have 
been synthesized, confirming the findings recorded in the previous sections. As 
one proceeds to the smaller size ranges (16S to 6S), the homology between the 
RNA and the DNA becomes excellent. 

Metabolic stability of RNA synthesized in step-down cultures: One of the features 
thus far found to be characteristic of complementary RNA is a high turnover rate. 
This question was examined with respect to the RNA synthesized during a step- 
down transition. A culture of Ps. aeruginosa was subjected to a P* pulse in 
exactly the same manner as that detailed in the experiments described by Figure 2 
and Table 3. However, twice as much radioactivity was used. Following the 3 
min of labeling, the culture was centrifuged, washed, and reintroduced into the 
same medium containing P*!. It was then allowed to “chase”’ for 0.7 generations. 
Figure 3 describes the optical density and radioactivity profiles observed when the 
purified RNA from this preparation was centrifuged in a sucrose gradient in the 
usual manner. 

Comparison of the radioactive profiles in Figures 2 and 3 provides clear evidence 
of the metabolic instability of the heterogeneous RNA synthesized during the 
transition period. The chasing interval in the P*! medium eliminated almost 
completely the discordancies between the optical density and radioactivity profiles 
observed in the initial pulse (Fig. 2). To provide further information on this 
question, the fractions indicated by arrows in Figure 2 were taken for base-composi- 
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tion determinations. The numbers in parentheses give the results in terms of per 
cent GC and purine to pyrimidine ratios. Table 4 provides further details on the 


TABLE 4 


Base ComposiITION OF RNA oF DIFFERENT SIZES SUBSEQUENT TO CHASE OF THE CULTURE OF 
TABLE 3 
Ps. aeruginosa 
Mole per cent — 
U G 
UV CPM UV CPM UV 
26:9. 22:3 22:8 2.7 : l 
20.6 2k AG SB6 52.8 52.8 a lia 
24.4 18.8 20.5 29.9 ¢ 1.03 


Qe. 


I 
8 


DNA 33 18 18 32 ) 1.00 
P-RNA 22.4 26.8 20.7 : 52.5 1.30 
S-RNA 29.2 24.4 20.5 25. 56 0.97 

A culture treated similarly to the one used in the experiment of Table 3 and Figure 2 was taken after the 3-min 
P 32-pulse, washed, and allowed to grow for 0.7 generations in an unlabeled medium. The RNA was prepared and 
analyzed in the usual way. The data from the UV absorption are included to permit a comparison of the degree of 
correspondence between the radioactive and UV calculation on the same samples. The fractions taken are indi- 
cated by the arrows in Figure 3. The data obtained on P-RNA and S-RNA were from UV absorption data on 
separately purified material. P-RNA has the same meaning as in Table 3. S-RNA is the RNA remaining in the 
supernatant after removal of ribosomes by means of a 38K spin for 6 hr 
base ratios determined by both the ultraviolet absorptions derived from the added 
carrier and the distribution of radioactive counts among the 2’—3’ nucleotides as 
eluted from a Dowex column. 

The cold carrier added to each sample examined consisted of RNA isolated from 
the region corresponding to the radioactive fraction being analyzed. As is evident 
from the data detailed in Table 4, the compositions of the labeled RNA in the 23S 
and 16S regions are now typically ribosomal. The base ratios determined by 
distribution of radioactive counts and ultraviolet absorption are now in excellent 
agreement. 

It should be noted that despite the fact that the chase extended for a period of 
0.7 generations there is still a detectable discrepancy in both the profiles of Figure 
3 and the base compositions in the 4S region (Table 4). This may be a reflection 
of the difficulty of completely removing the informational RNA from the 4S region. 
These observations would be consistent with a mechanism which involves a com- 
paratively rapid breakdown of the larger informational RNA pieces to 4S size and 
the slower conversion of these to the level of nucleotide derivatives. 

One other point of interest may be briefly mentioned. The total amount of 
acid-precipitable radioactivity found in the RNA at the end of the chase period 
corresponded to 150 per cent of that which was incorporated during the 3-min 
pulse. Consequently, of the total amount of labeled ribosomal RNA synthesized 
during the chasing period, 30 per cent came from a nucleotide pool and 70 per cent 
was derived from the informational RNA which had been synthesized during the 
initial labeling period. Nevertheless, the radioactive base compositions of the 23S 
and 16S regions are indistinguishable from those normally found for ribosomal RNA. 
This suggests that the informational RNA does not enter as intact polynucleotide 
into the ribosomal components. 

Hybridizability of RNA synthesized in step-down transitions: The experiments 
described thus far establish that step-down cultures preferentially synthesize a 
type of RNA which is heterogeneous in size and metabolically unstable and possesses 
an over-all base composition analogous to its homologous DNA. These are fea- 
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tures expected of informational RNA on the basis of our previous experience with 
the T2-system. To complete the identification, it was necessary to test for sequence 
complementarity by the hybridization procedure. An extensive study” was made 
on this question, which will be detailed elsewhere. We cite here a few representa- 
tive experiments illustrating the principal features and findings. The general 
procedures employed may be outlined as follows: 

(1) Step-down cultures were pulsed with tritiated uridine to label the RNA 
synthesized during transition. 

(2) The RNA was isolated and purified by the phenol method. 

(3) The purified RNA was separated according to size on sucrose gradients. 

(4) Different regions of the radioactive profile were collected and concentrated. 

(5) Hybridizing tests were carried out by exposing mixtures of the labeled RNA 
and single-stranded DNA to a slow cool from 55° to 28°C in 25 hr. 

(6) The resulting mixtures were then subjected to an equilibrium centrifugation 
in cesium chloride gradients according to the methods described by Hall and Spiegel- 


— 


man.° 

‘igure 4 shows the outcome of a hybridization carried out between single-stranded 
Ek. coli DNA and 8-12S tritiated RNA labeled with H*-uridine during a step-down 
transition. It will be noted that excellent hybridization occurs. The shoulder 
in the optical density profile on the light side corresponds to marker double-stranded 
DNA. That the interaction is specific is shown in Figure 5, in which a similar 
hybridizing attempt was made between the same RNA fraction and single-stranded 
DNA derived from Pseudomonas aeruginosa. There is no suggestion of any de- 
tectable mating. 

Similar experiments were carried out with Ps. aeruginosa. The RNA again was 
labeled with H*-uridine during a step-down transition. Figure 6 shows the out- 
come of a hybridization carried out with homoiogous single-stranded DNA and 
H*-RNA isolated from the 16S region. Here again, we note excellent hybrid 
formation as demonstrated by the peak of tritium in the DNA region. This same 
figure illustrates a feature which is extremely useful in attempts at detecting hybrid 
and distinguishing it from non-specific aggregation. Aliquots from each of the 
tubes were taken and treated with 5y/ml of RNAase for 15 min at room temperature. 
Carrier DNA was then added and the material reprecipitated, washed, and counted. 
It will be noted that the radioactivity corresponding to uncombined RNA is 
almost completely removed by the RNAase treatment. However, the counts in 
the region of the hybrid are clearly much more resistant to hydrolytic cleavage. 
It should be noted in passing that hybridized RNA is not completely resistant, 
since exhaustive treatment with RNAase can result in complete loss of acid-pre- 
cipitable counts. 

Specificity tests with informational RNA from Ps. aeruginosa yielded results 
similar to those described for FE. coli. No interaction with heterologous single- 
stranded DNA was observed. 

The experiments summarized in the present section establish that RNA mole- 
cules preferentially synthesized in step-down cultures possess base sequences 
complementary to their homologous DNA. 

Discussion. —It is apparent from the data presented that the choice of cultures in 


“step-down” transition was a happy one. They obviously provide almost ideal 
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experimental material for the study of non-ribosomal RNA synthesis. In particu- 
lar, they permitted the ready demonstration of RNA molecules in non-infected 
cells which satisfy the complementarity criterion established with the T2-E. coli 


complex. 

Noteworthy is the fact that other features of T2-complementary RNA are shared 
by the bacterial informational RNA revealed by the present investigation. These 
include homology of base composition with the relevant DNA, metabolic instability 
and heterogeneity in size. Caution should, however, be exercised in accepting 
any of these as diagnostic of an RNA complementary to a specific DNA. None 


of them, including homology of base composition, need universally characterize or 
be unique to informational RNA. <A few examples may be cited. T2-RNA is 
homologous in base ratio but not complementary to T5-DNA.* Conversely, a 
complementary RNA might exhibit non-homologous base ratios if it represented a 
copy of sufficiently small DNA segment. Further, one need only recall hemoglobin 
synthesis in the reticulocyte to entertain some doubts concerning the universality 
of metabolic instability for all informational RNA. Obviously, neither size range 
nor magnesium-dependent adsorbability to ribosomes can be accepted as uniquely 
identifying characteristics of RNA types. The point being emphasized is that 
none of these secondary properties can either alone, or in combination, be accepted 
as substitutes for complementarity as the criterion for informational RNA. Find- 
ing an RNA with one or more of these features suggests, but does not establish, that 
a complementary RNA has been identified. 

Along similar lines, a few clarifying comments on terminology may be made. 
The terms ‘‘complementary” and “informational” have been used interchangeably 
both in the present and previous discussions*® ® ™ of the RNA molecules with 
which we are concerned. Every complementary RNA is informational in at least 
one sense. Even if it is a complementary copy of a nonsense sequence, it never- 
theless contains the information necessary to specify the base order of its parental 
DNA. 

It is evident from the experiments described that these terms have well defined 
operational definitions. A given RNA molecule is defined as falling within the 
informational class if its sequence is complementary to a specific DNA molecule. 
At present, the most sensitive available test for sequence complementarity is the 
hybridization experiment of Hall and Spiegelman.* 

It is important to emphasize that the word “informational” is not suggested as a 
substitute for the term ‘‘messenger’” introduced in the elegant theorizations of 
Jacob and Monod.'* It seems likely that both terms will be useful. Thus, a 
given messenger RNA is presumed to constitute the structural program for the 
synthesis of a particular protein. It obviously must, therefore, be informational. 
However, not all informational RNA need operate as messengers. It is conceivable 
that complementary RNA molecules will be found which serve regulatory rather 
than programming functions. At the present time, there exists no operational 
definition of ‘messenger’ RNA. This will presumably emerge from the in vitro 
systems being developed by Nisman et al.'* and Novelli” and his collaborators. 

Over the past several years, considerable progress has been recorded on the 
enzymological aspects of DNA-dependent. RNA synthesis.2!~27 It seems likely 
that we will soon be in possession of the enzymatic details operating in the syn- 
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thesis of complementary RNA. 

It is comforting that a number of laboratories, using experimental approaches 
similar!® to and different?’ from ours, are arriving at equivalent views of the genetic 
transcription mechanism. The pleasant air of agreement thus generated should 
not lull us into forgetting that no one has as yet proved that complementary RNA 
molecules perform the functions we hope they do. 

Summary.—The primary purpose of the present paper was to determine whether 
normal cells synthesize the type of informational RNA which had been detected 
in T2-infected cells. The defining feature of this RNA is that it be capable of 
forming hybrids with homologous single-stranded DNA. For reasons which are 
detailed in the text, it was suspected that cells subjected to a shift from a rich to a 
synthetic medium would preferentially synthesize such complementary RNA. 
This expectation was fully realized. Use of such “step-down” cultures facilitated 
the ready exhibition of an RNA in uninfected cells having all the properties which 
had been established for the T2-complementary RNA. This normal informational 
RNA exhibits a base ratio analogous to its homologous DNA, is metabolically 
unstable and very heterogeneous in size, and possesses the ability to hybridize 
specifically with its homologous DNA. 

It would appear from the results summarized here that the synthesis of poly- 


ribonucleotide strands complementary to homologous DNA is a generalized feature 
of normal and virus-infected bacterial cells. With respect to the genetic transcrip- 
tion mechanism, the present data are consistent with the conclusions drawn from 
our previous experiments with T2-infected cells. It would appear that complemen- 
tary RNA strands are the intermediaries between DNA and the protein-synthesiz- 


ing apparatus. 

* This investigation was aided by grants from the U.S. Public Health Service, the National 
Science Foundation, and the Office of Naval Research. 

+ Predoctoral fellow trainee, microbial and molecular genetics, USPH 2G-319. 
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CHARACTERISTICS AND STABILIZATION OF DNAASE-SENSITIVE 
PROTEIN SYNTHESIS IN E. COLI EXTRACTS 


By J. HeinricH MATTHAEI* AND MARSHALL W. NIRENBERG 
NATIONAL INSTITUTES OF HEALTH, BETHESDA, MARYLAND 
Communicated by Joseph E. Smadel, August 3, 1961 


It has been assumed for many years that in protein synthesis the base sequence 
of DNA specifies the base sequence of RNA and that RNA in turn controls the 
amino acid sequence of protein. In accord with this notion, several groups recently 
have observed an inhibition of amino acid incorporation into protein by DN Aase in 
cell-free extracts.'~* One object of the present investigation was to study this 
phenomenon further. 

A major difficulty in the study of cell-free protein synthesis in EF. coli systems 
has been the necessity for preparing fresh enzyme extracts for each experiment. 
Techniques have not been available for stabilization and storage of enzyme ex- 
tracts comparable to the techniques available for mammalian systems.‘ In the 
present communication, an amino acid—incorporating system stable to storage for 
several months will be described. The characteristics of amino acid incorporation 


into protein by the stored extracts were investigated also. A part of these data 


has been presented in a preliminary report.” 

Vethods and Materials.—E. coli W3100 cells, harvested in early log phase, were washed by 
‘entrifugation and disrupted by grinding with twice their wet weight of alumina A301 (Aluminum 
Corporation of America) for 5 min at 5°. All subsequent steps were performed at this tempera- 
ture. The enzymes were extracted with buffer containing 0.01 M Tris( hydroxymethyl] )amino- 
methane, pH 7.8; 0.01 M magnesium acetate; 0.06 M KCl; and 0.006 M mercaptoethanol 
standard buffer) equivalent to two or three times the wet weight of cells. The extract was 
‘entrifuged three times at 30,000 < g for 20, 20, and 60 minutes, respectively. The pellets were 
discarded after each centrifugation. The final supernatant fluid (S-30) was centrifuged at 105,000 

« for 2 hr in the Spinco Model L ultracentrifuge to sediment the ribosomes. The supernatant 
solution (S-100) was aspirated, and the ribosomes were suspended in standard buffer by gentle 
homogenization in a Potter-Elvehjem homogenizer and were washed by centrifuging again at 
105,000 X g for 2 hr. The supernatant fluid was decanted and discarded, and the ribosomes 
W-Rib) were suspended in the original volume of standard bufier. Fractions S-30, S-100, and 
W-Rib were dialyzed against 60 volumes of standard buffer overnight at 5° and were stored in 
small aliquots at — 15° until needed. 

DN Aase I, RNAase, and trypsin were crystalline preparations obtained from the Worthington 
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The sodium salt of polyadenylic acid (Batch BC-5815-2, Miles Chemical Co.) 


Biochemical Co. 
U-C!*-L-valine (6.5 mC/mM) was obtained 


had a molecular weight of approximately 30,000. 
from Nuclear-Chicago Corp. Polyglucose carboxylic acid (molecular weight approximately 
30,000) was a gift from Dr. Peter Mora.’ Puromycin was a gift obtained from Dr. Arthur Weiss- 
bach. Chloramphenicol was obtained from Parke Davis & Co., and highly polymerized salmon 
sperm DNA from California Foundation for Biochemical Research. 

Proteolytic enzymes as contaminants of the DNAase were assayed by the method of Anson® 
using denatured hemoglobin (Nutritional Biochemical Co.) as the substrate. RN Aase contamina- 
tion of DNAase was assayed by incubation of DNAase with purified RNA, precipitation with 
cold trichloroacetic acid, and determination of the absorbancy at 260 my of the supernatant solu- 
tion obtained after centrifugation. 

The DNAase digest of DNA was prepared by incubating 5 mg/ml salmon sperm DNA with 
10 pg/ml DN Aase for 6 hr at 35° in 20 wmoles/ml phosphate buffer, pH 7.0, and 20 umoles/ml 
magnesium acetate. DJNAase was destroyed by three deproteinizations according to the method 
of Sevag,’ and traces of solvents were removed by bubbling Ne through the solution. 

Protein was determined by a micro modification of the method of Lowry. The synthetic 
amino acid solution used contained 1 wymole/ml of each of the following L-amino acids: glycine, 


alanine, serine, aspartic acid, asparagine, glutamic acid, glutamine, isoleucine, leucine, cysteine, 
cystine, histidine, tyrosine, tryptophan, proline, threonine, methionine, phenylalanine, arginine, 


and lysine. The complete reaction mixture is shown in the legend for Table 1. 
TABLE 1 
CHARACTERISTICS OF C!4-L-VALINE INCORPORATION INTO PROTEIN BY CELL-FREE, E. coli 
ENZYME PREPARATIONS STORED FOR SEVERAL WEEKS AT — 15° 
Counts/min/mg 


Experiment 
Additions protein 


no 
l Complete 
105,000 X g supernatant solution 
Ribosomes 
ATP, PEP, PEP kinase 
10 ug RN Aase 
Amino acid mixture 
0.02 umole Puromycin 
0.30 umole Chloramphenicol 
0.03 pmole GTP, CTP, UTP 
0.03 umole CTP, UTP 
Deproteinized at zero time 
Complete 
- + 10 wg DN Aase 1223 
Deproteinized at zero time 5 
The reaction mixtures contained the following in wmole/ml 100 Tris (hydroxymethyl)aminomethane, pH 7.8; 
10 magnesium acetate; 50 KCl; 6.0 mercaptoethanol; 1.0 ATP; 5.0 phosphoenolpyruvate, K salt; 20ug phos- 
phoenolpyruvate kinase, crystalline; 0.05 each of 20 L-amino acids minus valine; 0.03 each of GTP, CTP, and 
UTP; 0.015 C!+1-valine (~70,000 counts); 1.0 and 0.7 mg S-100,and W-Rib protein, respectively were present per 
reaction mixture in Experiment 1. 2.1 mg S-30 protein were present in Experiment 2. Total volume was 1.0 ml. 
Samples were incubated at 35° for 60 min, were deproteinized with 10 per cent trichloroacetic acid, and the precipi- 
tates were washed and counted by the method of Siekevitz.'4 


Planchets were counted in a Nuclear-Chicago gas flow counter with a Micromil window and a 
counting efficiency of approximately 30 per cent. All assays were performed in duplicate. 

Results.—Stabilization of cell-free extracts: The effects of dialysis and freezing 
upon the ability of the S-30 fraction to incorporate C'*-L-valine into protein are 
presented in Figure 1. No enzymatic activity was lost after overnight dialysis. 
If mercaptoethanol was omitted from the dialyzing buffer, rapid loss of activity 
was observed. Reduced glutathione was not quite as effective as mercaptoethanol 
in preventing loss of activity. 

Dialyzed 8-30 fractions were divided into aliquots and were stored at —15°. 
The results of Figure 1 demonstrate that the enzyme, after storage for twenty- 
four hr at —15°, was as active as fresh S-30. Frozen preparations lost less than 


10 per cent activity per month. 
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Fic. 2.—The effects of dialysis and 

| ! 1 } freezing upon C!*-L-valine incorporation 

45 into protein using washed ribosomes (W- 
MINUTES Rib) and 105,000 X g supernatant solu- 
Le. tions (S-100). @ Fresh W-Rib and S- 

Fic. 1.—The effects of dialysis and freezing 100; A W-Rib and S-100 dialyzed sepa- 
upon C!*-L-valine incorporation into protein in rately for 12 hr; © W-Rib and S-100 
30,000 X g supernatant layer fractions (5-30). after dialysis and storage separately at 
@ Fresh 8-30; 0 S-30 after 12 hr of dialysis: —15° for 24 hr. The composition of the 
A 5-30 after dialysis and storage at — 15° for 24 reaction mixtures is presented in Table 1. 
hr. The composition of the reaction mixtures is 0.9 and 1.0 mg W-Rib and S-100 protein 
presented in Table 1. 2.1 mg S-30 protein were respectively were present in each reaction 
added to each reaction mixture. mixture. 

When washed ribosomes (W-Rib) and 105,000 X g supernatant fluid (S-100) 
were stored separately or recombined at —15°, some activity was lost compared 
to the 8-30 fraction (Fig. 2). No loss in enzymatic activity of fractions S-100 
or W-Rib was observed after overnight dialysis. Again, addition of mercapto- 
ethanol prevented rapid inactivation. Storage of the fractions separately at 
— 15° resulted in a loss of approximately 25 per cent of the activity. The enzyme 
fractions lost less than 5 per cent of their activity per week, and fractions stored 
for several months were routinely used in these studies. Figures 1 and 2 also 
demonstrate that of the total incorporation obtained after incubation for one hour, 
approximately 50 per cent occurred within the first 15 min. 

The characteristics of C'-L-valine incorporation into protein by 8-100 and W-Rib 
fractions stored at —15° for several weeks are presented in Table 1. The rate of 
incorporation in the absence of either S-100 or W-Rib fractions was negligible. 
Experiments of this type strongly suggested that W-Rib fractions were not con- 
taminated with intact cells, and this check was routinely performed with each 
enzyme preparation. 

Effects of additions and deletions: Incorporation was dependent upon addition of 
ATP and an ATP-generating system, and incorporation was completely inhibited 
by the addition of RNAase. Omitting a mixture of 20 L-amino acids from the 


reaction mixture resulted in a 46 per cent decrease in incorporation of C'*-valine 
into protein, suggesting de novo synthesis of protein. The dependence of C14-L- 
valine incorporation upon addition of the amino acid mixture was observed only 
when well-dialyzed preparations were used. Addition of 0.02 umoles puromycin 
or 0.30 umoles chloramphenicol/ml to the reaction mixture depressed amino acid 
incorporation. Puromycin was a better inhibitor of C'-valine incorporation 
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than chloramphenicol. Omission of guanosine-5’-triphosphate (GTP), cytidine- 
5’-triphosphate (CTP), and uridine-5’-triphosphate (UTP) resulted in a slight 
inhibition of C'-valine incorporation. However, addition of GTP alone largely 
replaced the mixture of three triphosphates. Experiment 2, also in Table 1, 
demonstrates that addition of 10 ug of crystalline DNAase markedly inhibited 
C'-valine incorporation. Further experiments dealing with this effect will be 
discussed later. 

That the incorporation of C'*-valine into protein depends upon the presence of 
the S-100 fraction is further documented in Figure 3. Little C'-valine was in- 
corporated into protein when 0.7 mg W-Rib protein alone was used. The incorpo- 
ration was proportional to the amount of S-100 fraction added up to 2.5 mg 8-100 
protein. 

In Figure 4 are presented data demonstrating the dependence of C'-valine 
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Fic. 3.—The dependence of C'*-L- tas 
valine incorporation into protein upon Fic. 4.—The dependence of incorpora- 
the amount of 105,000  g supernatant tion of C'*-L-valine into protein upon E. 


solution (S-100). The composition of 
the reaction mixtures is presented in 
Table 1. 0.7 mg_ ribosome protein 
(W-Rib) were added to each sample. 
Reaction mixtures were incubated for 
60 min at 35°. 


incorporation upon W-Rib fractions. 


alone was observed. C1-valine incorporation was proportional to the amount 


coli ribosome concentration. The compo- 
sition of the reaction mixtures is presented 
in Table 1. 1.0 mg 105,000 X g super- 
natant solution protein (S-100) was added 
to each sample. Reaction mixtures were 
incubated for 60 min at 35°. 


No incorporation by 1.0 mg 5-100 protein 


of W-Rib added within the range of 0-1.0 mg ribosomal protein. 


The effect of pH upon C'-L-valine incorporation into protein is presented in 
A sharp pH optimum was observed with maximal incorporation at pH 


Figure 5. 


7.8. 


DN Aase effect: The effect of DNAase upon C'-valine incorporation over a 


90-min incubation period is presented in Figure 6. In the absence of DNAase, 
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Fic. 7.—The effect of increasing concentrations of DNAase upon C!*-L-valine incorpora- 
tion into protein. A Counts/min/mg protein, @ Percent inhibition of amino acid incor- 
poration. The composition of the reaction mixtures is presented in Table 1. 2.1 mg 
30,000 X g supernatant solution protein (S-30) were present in each reaction mixture. 
Samples were incubated at 35° for 60 min. 


the incorporation was more rapid during the first 30 min of incubation than during 
the next 60 min. At the end of 90 min of incubation, however, incorporation had 
not stopped. Addition of 10 ug crystalline DNAase/ml of reaction mixture did not 
affect. the initial rate of incorporation, but incorporation ceased after 30 min. 
These results demonstrate that reaction mixtures must be incubated for more than 
20 min to obtain reproducibly the DN Aase effect. 
The sensitivity of the system to DNAase is presented in Figure 7. When 0.1 
g. DNAase were added, approximately 70 per cent of the maximum DNAase 
inhibition was obtained. An inhibition that was almost maximal was obtained 
with 1.0 wg DNAase/ml. Increasing the concentration of DNAase 10-fold beyond 
this did not appreciably increase the inhibitory effect of DNAase, thus negating 
the presence of a contaminant inhibitor in the crystalline DNAase preparation. 
Contamination of DNAase with traces of proteolytic enzymes and RN Aase seemed 
likely, since commercial DN Aase is prepared from pancreas. Therefore, different 
preparations of crystalline DNAase were tested for both proteolytic and RN Aase 
activity. Their purity varied widely. Crystalline DNAase obtained from the 
Worthington Biochemical Company (Lot No. D692-95-7) was the purest prepara- 
tion tested and contained less than 0.3 per cent by weight of material which had a 
proteolytic enzyme activity and less than 0.001 per cent RNAase activity, cor- 
responding to less than 0.05 ug trypsin and 0.0001 wg RNAase per 10 ug DNAase. 
In Table 2, the effects of these concentrations of RNAase and trypsin, singly and 
combined, upon C'-valine incorporation into protein are presented. The system 
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TABLE 2 
Tue Errect oF RNAASE AND TRYPSIN UPON C!4-L-VALINE INCORPORATION INTO PROTEIN 
Experiment Counts/min/mg 
no. Additions protein 
l Complete 374 
6 + 0.0001 ug RN Aase 352 
+ 0.001 yg RNAase 206 
+ 0.01 yg RNAase 69 
+ 0.1 ug RNAase 18 
+ 1.0 ug RN Aase 9 
Deproteinized at zero time 8 
Complete 374 
yy + 10 ug DNAase 234 
+ 0.05 wg Trypsin 394 
+ 0.05 ug Trypsin + 0.0001 pg RNAase 402 
Deproteinized at zero time 8 
The composition of the reaction mixtures is presented in Table 1. 2.8 mg 8-30 protein were added to each reac- 
tion mixture. Samples were incubated at 35° for 60 min. 


TABLE 3 
Tue Errect oF POLYANIONS UPON THE DNAASE-INHIBITED INCORPORATION OF C!4-L-VALINE 
INTO PROTEIN AND THE Errect or A DNAAaAsE Dicest or DNA upon INCORPORATION 
Experiment Counts/min/mg 
no Additions protein 
1 ( ‘omplete 2,040 
is + 10 wg DNAase 825 
+ és é + 100 ug polyadenylic acid 685 
+ Ss i + 100 ug polyglucose car- 

boxy] derivative 810 
+ 100 yg polyadenylic acid 2,430 

+ 100 ug polyglucose carboxy! derivative 2,150 

Deproteinized at zero time 7 
Complete 1,842 
. + 100 wg DNAase digest of salmon sperm DNA _ 1,825 


Cor plete + 10 wg DNAase 604 
4, + 1.0 ml reaction mixture incubated with 10 
ug DN Aase for 60 minutes 661 


The components of the reaction mixtures and the incubation conditions are presented in Table 1. 2.0 and 1.0 
mg W-Rib and 8-100 protein were present in Experiments 1 and 2. In Experiment 3, 2.1 mg S-30 protein was 
present in complete systems. 2.1 mg S-30 protein was also present in reaction mixture incubated with DNAase 


for 60 min. Samples were incubated at 35° for 20 min. 


was extremely sensitive to RNAase. As little as 0.001 wg RNAase/ml of final 
reaction mixture depressed amino acid incorporation. The addition of 0.05 yg 
of trypsin and 0.0001 ug RNAase (the amount of trypsin and RNAase in 10 ug 
of the DNAase preparation used) had no effect. upon the incorporation. This 
DNAase preparation was used for all subsequent work with DNAase. It should 
be emphasized that crystalline DNAase obtained from commercial sources varies 
widely in its content of trypsin and RNAase and thus should be assayed before use. 

The data of Table 3 demonstrate that addition of polyanions such as polyadenylic 
acid and a polymer of glucose carboxylic acid did not reverse the inhibition ob- 
tained upon addition of DNAase. Higher concentrations of polyanions than those 
shown in Table 3 were inhibitory. Addition of a DNAase digest of highly poly- 
merized salmon sperm DNA had no effect upon amino acid incorporation. In 
Experiment 3, Table 3, an additional experiment of this sort is presented. A 
reaction mixture containing 2.1 mg S-30 protein was incubated with 10 ug DNAase 
for 60 min. During this period the DNA contained in the enzyme would have 
been largely digested. Also, after 60 min, amino acid incorporation into protein 
had completely ceased. This reaction mixture, containing the endogenous, di- 
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gested DNA products, was then added to a fresh reaction mixture to see whether 
products of DNAase digestion were inhibitory. The results show that the prod 
ucts of DNAase digestion were not inhibitory. 

Discussion.—A considerable amount of evidence has been obtained indicating 
that C'-valine incorporation into protein in this system was not due to the pres- 
ence of contaminating intact LZ. coli cells. The extracts were repeatedly centrifuged 
at 30,000 X g, and the pellet containing intact cells and debris was discarded. No 
intact cells or protoplast-like bodies were microscopically visible in the supernatant 
fluid. Neither ribosomes nor 105,000 X g supernatant solution alone incorporated 
appreciable quantities of C'-valine. Both fractions were needed. In addition, 
combined extracts were almost totally inactive if ATP and an ATP-generating 
system were omitted. 

The rate of amino acid incorporation proceeded rapidly for approximately 30 
min and then gradually decreased. The incorporation had many characteristics 
expected of de novo protein synthesis. It required ATP and an ATP-generating 
system, was stimulated by a mixture of other L-amino acids, and was strongly 
inhibited by low concentrations of puromycin, chloramphenicol, and RNAase. 
In addition, the incorporation could be partially inhibited by addition of DN Aase. 
The initial rate of incorporation was not inhibited by DNAase, in contrast to the 
extremely sensitive inhibition of the portion of the incorporation occurring after 
20 min of incubation. As low as 0.1 ug DNAase per ml of reaction mixture greatly 
inhibited the incorporation occurring after 20 min of incubation. Various com- 
mercial preparations of crystalline DNAase were assayed for contamination with 
proteolytic enzyme activity and RNAase. Some were heavily contaminated. 
The maximum amount of trypsin and RNAase present as contaminants in the 
crystalline DNAase preparation used in this study had little effect upon C'*-valine 
incorporation when added to the system. Furthermore, if a trace contaminant 
in the DNAase were responsible for inhibiting amino acid incorporation, a cor- 
respondingly greater inhibition of amino acid incorporation would be expected 
when high concentrations of DNAase were used. The data of Figure 7 demon- 
strate that almost maximal inhibition was obtained with 1 wg DNAase per ml of 
reaction mixture. Increasing the DNAase concentration 10-fold did not appreci- 
ably increase the inhibition. 

The data of Table 3 demonstrate that the products of DNAase digestion were 
not inhibitory in this system and that polyanions cannot non-specifically reverse 
a DN Aase-inhibited incorporation system, in contrast to reports of such non-specific 
reversal in thymus nuclei.® 

Although the mechanism of synthesis of template or ‘‘messenger’” RNA has 
remained an enigma, enzymes possibly involved in this process are being studied. °-! 
It is not. possible to say whether intact DNA is necessary for amino acid incorpora- 
tion into protein in the later stages of incubation in this system. One possibility, 
however, which is consonant with all of the known facts is that the initial rate of 
amino acid incorporation is primarily due to the completion of partially finished 
peptides linked to RNA templates. If template RNA were used only once, amino 


acid incorporation would cease as soon as the peptide chains were finished. 
Inhibition by DNAase observed in this cell-free system may be due to the destruc- 
tion of DNA and its resultant inability to serve as templates for the synthesis of 
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template RNA. Other explanations, however, are fully plausible, and it is not 
possible at this state to rule out alternative interpretations. In the following 
paper, further experiments on amino acid incorporation using the system described 
here are presented. It will be shown that in addition to the usual requirements, the 
system is stimulated by template RNA. 

Summary.—Cell-free E. coli extracts have been obtained which actively in- 
corporate amino acids into protein. Methods were devised whereby these extracts 
could be dialyzed and stored for long periods of time at —15° without undue loss 
of activity. The characteristics of amino acid incorporation by such stored ex- 
tracts were strongly suggestive of de novo protein synthesis, for incorporation 
required both ribosomes and 105,000 X g supernatant fractions, ATP and an ATP- 
generating system, was stimulated by a mixture of other L-amino acids, and was 
markedly inhibited by puromycin, chloramphenicol, and RNAase. The initial 
rate of amino acid incorporation was not inhibited by DNAase; subsequent in- 
corporation was greatly inhibited. The possible relationship of the DNAase 
inhibition of amino acid incorporation into protein to the synthesis of “messenger” 
RNA was briefly discussed. 

* Supported by a NATO Postdoctoral Research Fellowship. 

1 Tissiéres, A., D. Schlessinger, and F. Gros, these PRocEEDINGs, 46, 1450 (1960). 

2 Matthaei, J. H., and M. W. Nirenberg, Fed. Proc., 20, 391 (1961). 

3 Kameyama, T., and G. D. Novelli, Biochem. Biophys. Res. Comm., 2, 393 (1960). 

‘ Kirsch, J. F., P. Siekevitz, and G. E. Palade, J. Biol. Chem., 235, 1419 (1960). 

5 Mora, P. T., E. Merler, and P. Maury, J. Am. Chem. Soc., 81, 5449 (1959). 

6 Anson, M. L., J. Gen. Physiol., 22, 79 (1938). 

7 Sevag, M. G., D. B. Lackmann, and J. Smolens, J. Biol. Chem., 124, 425 (1938). 

§ Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall, zbid., 193, 265 (1951). 

’ Allfrey, V. G., and A. E. Mirsky, these PRocEEpINGs, 44, 981 (1958). 

10 Hurwitz, J., A. Bresler, and R. Diringer, Biochem. Biophys. Res. Comm., 3, 15 (1960). 

1! Stevens, A., zbid., 3, 92 (1960). 

12 Weiss, S. B., and T. Nakamoto, J. Biol. Chem., 236, PC18 (1961). 

13 Siekevitz, P., ibid., 195, 549 (1952). 


THE DEPENDENCE OF CELL- FREE PROTEIN SYNTHESIS IN E. COLI 
UPON NATURALLY OCCURRING OR SYNTHETIC 
POLYRIBONUCLEOTIDES 
By MARSHALL W. NIRENBERG AND J. HEINRICH MATTHAEI* 

NATIONAL INSTITUTES OF HEALTH, BETHESDA, MARYLAND 


Communicated by Joseph E. Smadel, August 3, 1961 


A stable cell-free system has been obtained from £. coli which incorporates 
C'*-valine into protein at a rapid rate. It was shown that this apparent protein 


synthesis was energy-dependent, was stimulated by a mixture of L-amino acids, 
and was markedly inhibited by RNAase, puromycin, and chloramphenicol.! The 
present communication describes a novel characteristic of the system, that is, a 
requirement for template RNA, needed for amino acid incorporation even in the 





Vou. 47, 1961 BIOCHEMISTRY: NIRENBERG AND MATTHAEI 1589 


presence of soluble RNA and ribosomes. It will also be shown that the amino 
acid incorporation stimulated by the addition of template RNA has many proper- 
ties expected of de novo protein synthesis. Naturally occurring RNA as well as a 


synthetic polynucleotide were active in this system. The synthetic polynucleo- 


tide appears to contain the code for the synthesis of a “protein” containing only one 
amino acid. Part of these data have been presented in preliminary reports. * 
Methods and Materials.—The preparation of enzyme extracts was modified in certain respects 
from the procedure previously presented.! F. coli W3100 cells harvested in early log phase were 
washed and were disrupted by grinding with alumina (twice the weight of washed cells) at 5° for 
5 min as described previously.!. The alumina was extracted with an equivalent weight of buffer 
containing 0.01 M Tris(hydroxymethyl)aminomethane, pH 7.8, 0.01 M magnesium acetate, 
0.06 M KCl, 0.006 M mercaptoethanol (standard buffer). Alumina and intact cells were re- 
moved by centrifugation at 20,000 « g for 20 min. The supernatant fluid was decanted, and 
3 ug DNAase per ml (Worthington Biochemical Co.) were added, rapidly reducing the viscosity 
of the suspension, which was then centrifuged again at 20,000 x g for 20 min. The supernatant 
fluid was aspirated and was centrifuged at 20,000 x g for 30 min to clear the extract of remaining 
debris. The liquid layer was aspirated (S-30) and was centrifuged at 105,000 x g for 2 hr to 
sediment the ribosomes. The supernatant solution (S-100) was aspirated, and the solution just 
above the pellet was decanted and discarded. The ribosomes were washed by resuspension in 
the standard buffer and centrifugation again at 105,000 x g for 2 hr. Supernatant fluid was 
discarded and the ribosomes were suspended in standard buffer (W-Rib). Fractions 8-30, S-100, 


and W-Rib were dialyzed against 60 volumes of standard buffer overnight at 5 


and were divided 
into aliquots for storage at — 15°. 

In some cases, fresh S-30 was incubated for 40 min at 35°. The reaction mixture components in 
umoles per ml were as follows: 80 Tris, pH 7.8; 8 magnesium acetate; 50 KCl; 9 mercapto- 
ethanol; 0.075 each of 20 amino acids;! 2.5 ATP, K salt; 2.5 PEP, K salt; 15 ug PEP kinase 
(Boehringen & Sons, Mannheim, Germany). After incubation, the reaction mixture was dialyzed 
at 5° for 10 hr against 60 volumes of standard buffer, changed once during the course of dialysis. 
The incubated S-30 fraction was stored in aliquots at —15° until needed (Incubated-S-30). 

RNA fractions were prepared by phenol extraction using freshly distilled phenol. Ribosomal 
RNA was prepared from fresh, washed ribosomes obtained by the method given above. In later 
RNA preparations, a 0.2% solution of sodium dodecy! sulfate recrystallized by the method of 
Crestfield et al.4 was added to the suspension of ribosomes before phenol treatment. The suspen- 
sion was shaken at room temperature for 5 min. Higher yields of RNA appeared to be obtained 
when the sodium dodecyl! sulfate step was used; however, good RNA preparations were also 
obtained when this step was omitted. An equal volume of H.O-saturated phenol was added to 
ribosomes suspended in standard buffer after treatment with sodium dodecyl! sulfate, and the 
suspension was shaken vigorously at room temperature for 8-10 min. The aqueous phase was 
aspirated from the phenol phase after centrifugation at 1,450 X g for 15 min. The aqueous layer 
was extracted two more times in the same manner, using '/. volume of H,O-saturated phenol in 
each case. The final aqueous phase was chilled to 5° and NaCl was added to a final concentration 
of 0.1%. Two volumes of ethyl alcohol at —20° were added with stirring to precipitate the RNA. 
The suspension was centrifuged at 20,000 x g for 15 min and the supernatant solution was de- 
canted and discarded. The RNA pellet was dissolved in minimal concentrations of standard 
buffer (minus mercaptoethanol) by gentle homogenization in a glass Potter-Elvehjem homogenizer 
(usually the volume of buffer used was about '/; the volume of the original ribosome suspension). 
The opalescent solution of RNA was dialyzed for 18 br against 100 volumes of standard buffer 
(minus mercaptoethanol) at 5°. The dialyzing buffer was changed once. After dialysis, the RNA 
solution was centrifuged at 20,000 < g for 15 min and the pellet was discarded. The RNA solution, 
which contained less than | % protein, was divided into aliquots and was stored at — 15° until needed. 

Soluble RNA was prepared from 105,000  g supernatant solution by the phenol extraction 
method described above. Soluble RNA was also stored at —15°. Alkali-degraded RNA was 
prepared by incubating RNA samples with 0.3 M KOH at 35° for 18 hr. The solutions then 
were neutralized and dialyzed against standard buffer (minus mercaptoethanol). RN Aase- 
digested samples of RNA were prepared by incubating RNA with 2 ug per ml of crystalline 
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RN Aase (Worthington Biochemical Company) at 35° for 60 min. RNAase was destroved by 
four phenol extractions performed as given above. After the last phenol extraction, the samples 
were dialyzed against standard buffer minus mercaptoethanol. RNA samples were treated with 
trypsin by incubation with 20 yg per ml of twice recrystallized trypsin (Worthington Biochemical 
Company ) at 35° for 60 min. The solution was treated four times with phenol and was dialyzed 
in the same manner. 

The radioactive amino acids used, their source, and their respective specific activities are as 
follows: U-C'!*-glycine, U-C'*-L-isoleucine, U-C!!-L-tyrosine, U-C!4-L-leucine, U-C'-L-proline, 
L-histidine-2( ring )-C'*, U-C'*-L-phenylalanine, U-C'*-L-threonine, L-methionine (methyl-C"*) , 
U-C''-L-arginine, and U-C!*-L-lysine obtained from Nuclear-Chicago Corporation, 5.8, 6.2, 5.95, 
6.25, 10.5, 3.96, 10.3, 3.9, 6.5, 5.8, 8.3 mC/mM, respectively; C!'-L-aspartie acid, C!-Lglu- 
tamic acid, C''-L-alanine, obtained from Volk, 1.04, 1.18, 0.75m C/mM, respectively; D-L-trypto- 
phan-3 C7, obtained from New England Nuclear Corporation, 2.5 mC /mM; 8*-L-cystine obtained 
from the Abbott Laboratories, 2.4 mC/mM; U-C'-L-serine obtained from the Nuclear-Chicago 
Corporation, 0.2 mC/mM. Other materials and methods used in this study are described in the 
accompanying paper.’ All assays were performed in duplicate. 

Results.—Stimulation by ribosomal RNA: In the previous paper,! it was shown 
that DNAase markedly decreased amino acid incorporation in this system after 
20 min. For the purpose of this investigation, 30,000 X g supernatant fluid frac- 
tions previously incubated with DNAase and other components of the reaction 
mixtures (Incubated-S-30 fractions) were used for many of the experiments. 

Figure 1 shows that incorporation of C'-L-valine into protein by Incubated- 
S-30 fraction was stimulated by the addition of purified FE. coli soluble RNA. 
Maximal stimulation was obtained with approximately 1 mg soluble RNA. In 
some experiments, increasing the concentration 5-fold did not further stimulate the 
system. Soluble RNA was added to all reaction mixtures unless otherwise specified. 


Figure 2 demonstrates that F. colt ribosomal RNA preparations markedly stimu- 
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Fic. 3.—Dependence of C!4-L-valine incorporation into protein upon ribosomal RNA. The 
composition of the reaction mixtures and the incubation conditions are presented in Table 1. 
Reaction mixtures contained 0.98 mg of E£. coli soluble RNA and 4.4 mg of Incubated-S-30-protein. 


lated incorporation of C!*-valine into protein even though maximally stimulating 
concentrations of soluble RNA were present in the reaction mixtures. A linear 
relationship between the concentration of ribosomal RNA and C'-valine incorpora- 
tion into protein was obtained when low concentrations of ribosomal RNA were 
used. Increasing the soluble RNA concentration up to 3-fold did not replace the 
effect. observed when ribosomal RNA was added. 

The effect of ribosomal RNA in stimulating incorporation of C'-valine into 
protein is presented in more detail in Figure 3. In the absence of ribosomal RNA, 
incorporation of C'-valine into protein by the incubated-S-30 fraction was quite 
low when compared with 8-30 (not incubated before storage at — 15°) and stopped 
almost completely after 30 min. At low concentrations of ribosomal RNA, maxi- 
mum amino acid incorporation into protein was proportional to the amount of 
ribosomal RNA added, suggesting stoichiometric rather than catalytic action of 
ribosomal RNA. Total incorporation of C'-valine into protein was increased 
more than 3-fold by ribosomal RNA in this experiment even in the presence of 
maximally stimulating concentrations of soluble RNA. Ribosomal RNA may be 
added at any time during the course of the reaction, and, after further incubation, 
an increase in incorporation of C'-valine into protein will result. 

Characteristics of amino acid incorporation stimulated by ribosomal RNA: In 
Table 1 are presented the characteristics of C'‘-L-valine incorporation into protein 
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TABLE 1 


CHARACTERISTICS OF C'-L-VALINE INCORPORATION INTO PROTEIN 


Addition Counts/min/mg protein 

— Ribosomal RNA $2 
+ 5 “i 204 
+ ee “+ ().15 umole Chloramphenicol 58 

‘s + 0.20 umole Puromycin 7 
: ae ‘“ deproteinized at zero time 8 
— Ribosomal RNA 35 
be 101 
+ “ “ —— ATP, PEP, PEP kinase 7 
+ 2 “ + 10 pg RNAase 6 

“+ 10 ug DN Aase 110 

Boiled Ribosomal RNA 

+ Ribosomal RNA, deproteinized at zero time 
— Ribosomal RNA 34 
- ~ “ — 20 L amino acids 2) 
+ “i f 99 


+ cs ‘  — 20-L-amino acids 52 


The reaction mixtures contained t he following in wpmole/ml 100 Tris(hydroxymethyl) aminomethane. pH 7.8; 
10 magnesium acetate; 50 KCl; 6.0 mercaptoethanol; 1.0 ATP; 5.0 phosphoenolpyruvate, K salt; 20 ug 
phosphoenolpyruvate kinase, crystalline; 0.05 each of 20 L-amino acids minus valine; 0.03 each of GTP, CTP, and 
UTP: 0.015 C!*-L-valine (~70,000 counts); 3.1 mg. EF. coli ribosomal RNA where indicated, and 1.0 mg E. coli 
soluble RNA; 3.2, 3.2, and 1.4 mg of incubated-S-30 protein were present in Experiments 1, 2, and 3, respectively. 
In addition 4.4 mg protein of W-Rib were added in Experiment 3. Total volume was 1.0 ml. Samples were 
incubated at 35° for 20 min, were deproteinized with 10 per cent trichloroacetic acid, and the precipitates were 
washed and counted by the method of Siekevitz.?? 


stimulated by the addition of ribosomal RNA. Amino acid incorporation was 
strongly inhibited by 0.15 umoles of chloramphenicol and 0.20 umoles/ml reaction 
mixture of puromycin. Furthermore, the incorporation was completely dependent 


upon the addition of ATP and an ATP-generating system and was totally inhibited 
by 10 ug/ml RNAase. Equivalent amounts of DNAase had no effect upon the 
incorporation stimulated by the addition of ribosomal RNA. Placing a ribosomal 
RNA preparation in a boiling water bath for 10 min did not destroy its C'-valine 


incorporation activity; instead, a slight increase in activity was consistently ob- 
served. However, when these RNA preparations were placed in a boiling water 
bath, a copious, white precipitate resulted. Upon cooling the suspension in an 
ice bath, the precipitate immediately dissolved. 

The data of Table | also demonstrate that the incorporation of amino acids into 
protein in the presence of ribosomal RNA was further stimulated by the addition of 
a mixture of 20 L-amino acids, suggesting cell-free protein synthesis. 

C- and N-terminal analyses of the ribosomal RNA-dependent product of the 
reaction were performed with carboxypeptidase and 1-fluoro-2,4-dinitrobenzene 
respectively (Dr. Frank Tietze kindly performed these analyses). Four per cent of 
the radioactivity was released from the C-terminal end and 1% was associated 
with the N-terminal end. The remainder of the C'*-label was internal. Similar 
results were obtained when reactions were performed using S-30 enzyme fractions 
which had not been treated with DNAase. Protein precipitates isolated from re- 
action mixtures after incubation were completely hydrolyzed with HCl, and the 
C'*-label incorporated into protein was demonstrated to be valine by paper chro- 
matography. 

Many of the experiments presented in this paper were performed with enzyme 
fractions prepared with DNAase added to reduce their viscosity. Ribosomal 
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RNA also stimulated C'*-valine incorporation when enzyme extracts prepared 
in the absence of DN Aase were used. 

To be effective in stimulating amino acid incorporation into protein, the ribo- 
somal RNA required the presence of washed ribosomes. The data of Table 2 show 


TABLE 2 

Tue INEFFECTIVENESS OF RIBOSOMAL RNA IN STIMULATING C'4-L-VALINE INCORPORATION INTO 

PROTEIN IN THE PRESENCE OF RIBOSOMES OR 105,000 & g SUPERNATANT SOLUTIONS ALONE 
Additions Counts/min 
Complete 
2 + 2.1 mg Ribosomal RNA 

— Ribosomes 

— Ribosomes + 2.1 mg Ribosomal RNA 

— Supernatant solution 

— Supernatant solution + 2.1 mg Ribosomal RNA 

Deproteinized at zero time 25 


The components of the reaction mixtures and the incubation conditions are presented in Table 1. 0.86 and 3.3 
mg protein were present in the ribosome (W-Rib) and 105,000 X g supernatant (S-100) fractions, respectively. 


that both ribosomes and 105,000 X g supernatant solution were necessary for 
ribosomal RNA-dependent amino acid incorporation. No incorporation of amino 


acids into protein occurred when the 105,000 X g supernatant solution alone was 
added to ribosomal RNA preparations, demonstrating that ribosomal RNA prepara- 


tions were not contaminated with intact ribosomes. This conclusion also was 


substantiated by showing that the activities of ribosomal RNA preparations were 
not destroyed by boiling, although the activities of the ribosomes were destroyed 
by such treatment. 

The effect of ribosomal RNA upon the incorporation of seven different amino 
acids is presented in Table 3. The addition of ribosomal RNA increased the 
incorporation of every amino acid tested. 

The effect shown by ribosomal RNA was not observed when other polyanions 
were used, such as polyadenylic acid, highly polymerized salmon sperm DNA, or a 
high-molecular-weight polymer of glucose carboxylic acid (Table 4). Pretreat- 
ment of ribosomal RNA with trypsin did not affect its biological activity. How- 
ever, treatment. of the ribosomal RNA with either RNAase or alkali resulted in a 
complete loss of stimulating activity. The active principle, therefore, appears to 
be RNA. 

The sedimentation characteristics of the ribosomal RNA preparations were 
examined in the Spinco Model E ultracentrifuge (Fig. 44). Particles having the 
characteristics of S-30, S-50, or S-70 ribosomes were not observed in these prepara- 
tions. The 8.) of the first peak was 23, that of the second peak 16, and that of 
the third, small peak, 4. Pretreatment with trypsin did not affect the SW values 
of the peaks appreciably (Fig. 4C); however, treatment with RNAase completely 
destroyed the peaks (Fig. 4B), confirming the ancillary evidence which had suggested 
that the major component was high-molecular-weight RNA. 

Preliminary attempts at fractionation of the ribosomal RNA were performed 
by means of density-gradient centrifugation employing a linear sucrose gradient. 
The results of one such experiment are presented in Figure 5. Amino acid in- 
corporation activity of the RNA did not follow absorbancy at 260 my; instead, 
the activity seemed to be concentrated around fraction No. 5, which was approxi- 
mately one-third of the distance from the bottom of the tube. These results again 
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TABLE 3 
Speciriciry oF AMINO AcID INCORPORATION STIMULATED BY RiBosoOMAL RNA 
CitAmino Acid Addition Counts/min/mg protein 
C'*-L-Valine Complete ; 25 
" =: + Ribosomal RNA 137 
('4_L-Threonine = 31 
rs - Ribosomal RNA 121 
‘M4_..-Methionine a3 121 
‘: i tibosomal RNA 


14_]|-Arginine 
¢ Ribosomal RNA 


4] -Phenylalanine 


tibosomal RNA 
'4_]-Lysine 
. Ribosomal RNA 
-L-Leucine 

e + Ribosomal RNA 272 
Deproteinized at zero time 6 

The composition of the reaction mixtures are presented in Table 1. The mixture of 20 L-amino acids included 
all amino acids except the C'*-amino acid added to one reaction mixture. Reaction mixtures contained 4.4 mg 
Incubated-S.30 protein. Samples were incubated at 35° for 60 min. 2.1 mg ribosomal RNA were added where 
indicated 


TABLE 4 


RiposoOMAL RNA ContTrRoL EXPERIMENTS DESCRIBED IN TEXT 


Addition Counts/min/mg protein 
Complete 54 
o + 2.4 mg Ribosomal RNA 144 
2.0 mg Polyadenylie acid 10 
2.0 mg Salmon sperm DNA 41 
2.0 mg Polyglucose carboxylic acid 49 
+ 2.4 mg Ribosomal RNA, deproteinized at zero time 7 
Complete 39 
* + 2.0 mg Ribosomal RN A* 150 
+ 2.1 mg Ribosomal RNA preincubated with trypsin* 166 
+ 2.0 mg Ribosomal RNA preincubated with RN Aase*,} 47 
Deproteinized at zero time 8 
Complete 20 
= + 1.2 mg Ribosomal RNA 82 
+ 1.2 mg Alkali degraded ribosomal RN AT 21 


Deproteinized at zero time 7 
The composition of the reaction mixtures and the incubation conditions are given in Table 1. 4.4, 3.2, and 4.4 
mg Incubated-S-30 protein were present in Experiments 1, 2, and 3, respectively. 2.4, 0.98, and 0 mg E. coli 


soluble RNA were present in Experiments 1, 2, and 3, respectively. 

* Ribosomal RNA preparations were deproteinized by phenol extraction after enzymatic digestion as specified 
under Methods and Materials. 

t mg Ribosomal RNA refers to RNA concentration before digestion. 
demonstrate that the activity was not associated with a soluble RNA fraction, 
present in maximum concentration in fraction No. 11, near the top of the tube. 
In addition, all amino acid incorporation analyses were performed in the presence 
of added soluble RNA, and the addition of more soluble RNA would not stimulate 
C'*-L-valine incorporation into protein. 

Effects of RNA obtained from different species: The data of Table 5 demonstrate 
that RNA from different sources stimulates C'-valine incorporation into protein. 
Yeast ribosomal RNA prepared by the method of Crestfield et al.4 was considerably 
more effective in stimulating incorporation than equivalent amounts of EF. coli 
ribosomal RNA. Yeast ribosomal RNA prepared by this method has little or no 
amino acid acceptor activity and has a molecular weight of about 29,000.7 Tobacco 
mosaic virus RNA prepared by phenol extraction and having a molecular weight of 
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TABLE 5 
STIMULATION OF AMINO AcID INCORPORATION BY RNA FRACTIONS PREPARED FROM DIFFERENT 
SPECIES 
Additions Counts/min/mg protein 

None 
+ 0.5 mg E. coli ribosomal RNA 
+ 0.5 mg Yeast ribosomal RNA 
+ 0.5 mg Tobacco mosaic virus RNA 
+ 0.5 mg Ehrlich ascites tumor microsomal RNA 


The components of the reaction mixtures and the incubation conditions are presented in Table 1. Reaction 
samples contained 1.9 mg Incubated-S-30 protein. 


approximately 1,700,0007 stimulated amino acid incorporation strongly. Marked 
stimulation due to tobacco mosaic virus RNA was observed also with £. coli en- 
zyme extracts which had not been treated with DNAase. More complete details 
of this work will be presented in a later publication. 

Stimulation of amino acid incorporation by synthetic polynucleotides: The data 
of Figure 6 show that the addition of 10 ug of polyuridylic acid{t per ml of reaction 
mixture resulted in a remarkable stimulation of C'-L-phenylalanine incorporation. 
Phenylalanine incorporation was almost completely dependent upon the addition 
of polyuridylic acid, and incorporation proceeded, after a slight lag period, at a 
linear rate for approximately 30 min. 

The data of Table 6 demonstrate that no other polynucleotide tested could re- 
place polyuridylic acid. The absolute specificity of polyuridylic acid was con- 


TABLE 6 
POLYNUCLEOTIDE SPECIFICITY FOR PHENYLALANINE INCORPORATION 


Experi- 
ment 
no. Additions Counts/min/mg protein 


1 None 44 
+ 10 wg Polyuridylic acid 39, 800 
+ 10 ug Polyadenylic acid 50 
+ 10 wg Polycytidylic acid 38 
+ 10 ug Polyinosinie acid 57 
+ 10 wg Polyadenylic-uridylie acid (2/1 ratio) 53 
+ 10 ug Polyuridylic acid + 20 ug polyadenylic acid 
Deproteinized at zero time 17 
None 
+ 10 ug UMP 
+ 10 we UDP 
4 10 yg UTP 
Deproteinized at zero time 
Components of the reaction mixtures are presented in Table 1. Reaction mixtures contained 2.3 mg Incubated 
8-30 protein. 0.02 wmoles U-C!*-L-phenylalanine (~125,000 counts/minute) was added to each reaction mixture. 
Samples were incubated at 35° for 60 min, 


firmed by demonstrating that randomly mixed polymers of adenylic and uridylic 
acidt (Poly A-U, 2/1 ratio and 4/1 ratio) were inactive in this system. A solution 
of polyuridylic acid and polyadenylic acid (which forms triple-stranded helices) 
had no activity whatsoever, suggesting that single-strandedness is a necessary 


requisite for activity. Experiment 2 in Table 6 demonstrates that UMP, UDP, or 
UTP were unable to stimulate phenylalanine incorporation. 

The data of Table 7 demonstrate that both ribosomes and 100,000 X g super- 
natant solution, as well as ATP and an ATP-generating system, were required 
for the polyuridylic acid—dependent incorporation of phenylalanine. Incorpora- 
tion was inhibited by puromycin, chloramphenicol, and RNAase. The incorpora- 
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Fic. 4.—E. coli ribosomal RNA preparations. (A) Untreated (above). (B) digested with RNA- 
aase; (C) digested with trypsin. Preparation and digestion of samples presented under Methods and 
Materials. 9.8'and 10.5 mg/ml RNA were present in A andC. 11.5mg/ml RNA was present in B 

(Continued on facing page) 


tion was not inhibited by addition of DNAase. Omitting a mixture of 19 L-amino 
acids did not inhibit phenylalanine incorporation, suggesting that polyuridylic 
acid stimulated the incorporation of L-phenylalanine alone. This conclusion was 
substantiated by the data presented in Table 8. Polyuridylic acid had little effect 
in stimulating the incorporation of 17 other radioactive amino acids. Each labeled 
amino acid was tested individually, and these data, corroborating the results 
given in Table 8, will be presented in a subsequent publication. 





Vou. 47, 1961 BIOCHEMISTRY: NIRENBERG AND MATTHAEI 1597 


(Fig. 4—continued) ' 
before digestion. Photographs were taken in a model E Spinco ultracentrifuge equipped with 
schlieren optics. 

The product of the reaction was partially characterized and the results are pre- 
sented in Table 9. The physical characteristics of the product of the reaction 
resembled those of authentic poly-L-phenylalanine, for, unlike many other poly- 


peptides and proteins, both the product of the reaction and the polymer were 
resistant to hydrolysis by 6N HCl at 100° for 8 hr but were completely hydrolyzed 
by 12N HCl at 120-130° for 48 hr. 

Poly-L-phenylalanine is insoluble in most solvents®® but is soluble in 33 per cent 
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Fic. 5.—Sucrose density-gradient centrifugation of ribosomal RNA. A linear gradient of su- 
crose concentration ranging from 20 per cent at the bottom to 5 per cent at the top of the tube was 
prepared.?* The sucrose solutions (4.4 ml total volume) contained 0.01 M Tris, pH 7.8, 0.01 M Mg 
acetate and 0.06 M KCl. 0.4 ml of ribosomal RNA (4.6 mg) was layered on top of each tube which 
was centrifuged at 38,000 X g for 4.5 hours at 3° in a swinging bucket rotor, Spinco type SW-39, 
using a Spinco Model L ultracentrifuge. 0.30 ml fractions were collected after piercing the bottom 
of the tube.?! 

0.025 ml aliquots diluted to 0.3 ml with H2O were used for A2® measurements. 0.25 ml aliquots 
were used for amino acid incorporation assays. Reaction mixtures contained the components pre- 
sented in Table 1. 0.7 mg of EZ. coli soluble RNA and 2.2 mg Incubated-S-30 protein were added. 
Control assays plus 0.25 ml 12.5 per cent sucrose in place of fractions gave 79 counts/min. This 
figure was subtracted from each value. Total volume was 0.7 ml. Samples were incubated at 
35° for 20 min. 


64000 -———— 


COUNTS/MINUTE/mg. PROTEIN 





MINUTES 
Fic. 6.—Stimulation of U-C!*-L-phenylalanine incorporation by polyuridylic acid. © 
without polyuridylic acid; 4 10 ug polyuridylic acid added. The components of the reac- 
tion mixtures and the incubation conditions are given in Table 1. 0.024 umole U-C-L- 
phenylalanine (~500,000 counts/min) and 2.3 mg Incubated-S-30 protein were added /ml 
of reaction mixture. 
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TABLE 7 
CHARACTERISTICS OF PoLYURIDYLIC ACID-DEPENDENT PHENYLALANINE INCORPORATION 
Additions Counts/min/mg protein 
Minus polyuridylic acid 70 
None 29 , 500 
Minus 100,000 X g supernatant solution 106 
Minus ribosomes 52 
Minus ATP, PEP, and PEP kinase 83 
+ 0.02 umoles puromycin 7,100 
+ 0.31 umoles chloramphenicol 12,550 
+ 6 ug RN Aase 120 
+ 6 ug DNAase 27 ,600 
Minus amino acid mixture 31,700 
Deproteinized at zero time 30 
The components of the reaction mixtures are presented in Table 1. 10 ug of polyuridylic acid were added to all 
samples except the specified one. 2.3 mg of Incubated-S-30 protein were added to each reaction mixture except 
those in which ribosomes alone and 100,000 X g supernatant solution alone were tested. 0.7 mg W-Rib protein and 
1.3 mg S-100 protein were used respectively. 0.02 wmoles U-C!*-L-phenylalanine, Sp. Act. = 10.3 mC/mM 
~125,000 counts/minute) were added to each reaction mixture. Samples were incubated at 35° for 60 min. 


TABLE 8 
SPECIFICITY OF AMINO AcID INCORPORATION STIMULATED BY PoLYURIDYLIC ACID 


Experi- 
ment Counts/min/mg 
no. C!*amino acids present Additions protein 
| Phenylalanine Deproteinized at zero time 25 
None 68 
+ 10 ug polyuridylie acid 38,300 
Glycine, alanine, serine, Deproteinized at zero time 17 
aspartic acid, glutamic None 20 
acid + 10 wg polyuridylic acid 33 
Leucine, isoleucine, threonine, Deproteinized at zero time 73 
methionine, arginine, histidine, None 276 
lysine, tyrosine, tryptophan, + 10 ug polyuridylic acid 899 
proline, valine 
S*-cysteine Deproteinized at zero time 
None 
+ 10 ug polyuridylic acid 
Components of the reaction mixtures are presented in Table 1. The unlabeled amino acid mixture was omitted. 
0.015 uM of each labeled amino acid was used. The specific activities of the labeled amino acids are present 
in the Methods and Materials section. 2.3 mg of protein of preincubated S-30 enzyme fraction were added to each 
reaction mixture. All samples were incubated at 35° for 30 min. 


TABLE 9 
COMPARISON OF CHARACTERISTICS OF PRODUCT OF REACTION AND PoLy-L-PHENYLALANINE 
Treatment Product of reaction Poly-L-phenylalanine 

6 N HCl for 8 hours at 100° Partially hydrolyzed Partially hydrolyzed 
12 N HCI for 48 hours at 120-130° Completely hydrolyzed Completely hydrolyzed 
Extraction with 33% HBr in glacial 

acetic acid Soluble Soluble 
Extraction* with the following sol- 

vents: H.O, benzene, nitrobenzene, 

chloroform, N, N-dimethylform- 

amide, ethanol, petroleum ether, 

concentrated phosphoric acid, gla- 

cial acetic acid, dioxane, phenol, 

acetone, ethyl acetate, pyridine, 

acetophenone, formic acid Insoluble Insoluble 


* The product was said to be insoluble if <0.002 gm of product was soluble in 100 ml of solvent at 24°. Extrac- 
tions were performed by adding 0.5 mg of authentic poly-L-phenylalanine and the C'*-product of a reaction mixture 
1800 counts/min) to 5.0 ml of solvent. The suspensions were vigorously shaken for 30 min at 24° and were 
centrifuged. The precipitates were plated and their radioactivity was determined. 


HBr in glacial acetic acid.§ The product of the reaction had the same apparent 
solubility as authentic poly-L-phenylalanine. The product of the reaction was 
purified by means of its unusual solubility behavior. Reaction mixtures were de- 
proteinized after incubation, and precipitated proteins were washed in the usual 
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manner according to the method of Siekevitz.22. Dried protein pellets containing 
added carrier poly-L-phenylalanine were then extracted with 33 per cent HBr 
in glacial acetic acid, and the large amount of insoluble material was discarded. 


Polyphenylalanine was then precipitated from solution by the addition of H,O 
and was washed several times with H.O. Seventy per cent of the total amount of 
C™4-L-phenylalanine incorporated into protein due to the addition of polyuridylic 
acid could be recovered by this procedure. Complete hydrolysis of the purified 
reaction product with 12N HCl followed by paper electrophoresis** demonstrated 
that the reaction product contained C'-phenylalanine. No other radioactive 
spots were found. 

Discussion.—In this investigation, we have demonstrated that template RNA is 
a requirement for cell-free amino acid incorporation. Addition of soluble RNA could 
not replace template RNA in this system. In addition, the density-gradient 
centrifugation experiments showed that the active fractions in the ribosomal RNA 
preparations sedimented much faster than soluble RNA. It should be noted that 
ribosomal RNA is qualitatively different from soluble RNA, since bases such as 
pseudouracil, methylated guanines, ete., found in soluble RNA, are not present in 
ribosomal RNA.® 

The bulk of the RNA in our ribosomal RNA fractions may be inactive as tem- 
plates, for tobacco mosaic virus RNA was 20 times as active in stimulating amino 
acid incorporation as equivalent amounts of F. coli ribosomal RNA. In addition, 
preliminary fractionation of ribosomal RNA indicated that only a portion of the 
total RNA was active. 

It should be emphasized that ribosomal RNA could not substitute for ribosomes, 
indicating that ribosomes were not assembled from the added RNA in toto. The 
function of ribosomal RNA remains an enigma, although at least part of the total 
RNA is thought to serve as templates for protein synthesis and has been termed 
“messenger” RNA.’ Alternatively, a part of the RNA may be essential for 
the synthesis of active ribosomes from smaller ribosomal particles.~?! 

tibosomal RNA may be an aggregate of subunits which can dissociate after 
proper treatment.6-* Phenol extraction of F. coli ribosomes yields two types of 
RNA molecules with S¥ of 23 and 16 (Fig. 4), equivalent to molecular weights of 
1,000,000 and 560,000, respectively.* ! These RNA species can be degraded by 
boiling to products having sedimentation coefficients of 13.1, 8.8, and 4.4, correspond- 
ing to molecular weights of 288,000, 144,000, and 29,000. Although the sedimenta- 
tion distributions of the latter preparations suggest a high degree of homogeneity 
among the molecules of each class, these observations do not eliminate the possi- 
bility that the subunits are linked to one another via covalent bonds.’ Preliminary 
evidence indicates that the subunits may be active in our system, since the super- 
natant solution obtained after boiling Z. coli ribosomal RNA for 10 min and centri- 
fugation at 105,000 X g for 60 min was active. Examination of boiled ribosomal 
RNA with the Spinco Model E ultracentrifuge showed a dispersed peak with a 
sedimentation coefficient of 4-8. This may be the same material found in the 
sucrose density-gradient experiment (using non-boiled RNA preparations), where a 
small peak of activity somewhat heavier than soluble RNA was usually noted 
(Fig. 5). 

In our system, at low concentrations of ribosomal RNA, amino acid incorporation 
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into protein was proportional to the amount of ribosomal RNA added, suggesting a 
stoichiometric rather than a catalytic action of ribosomal RNA. In contrast, 
soluble RNA has been shown to act in a catalytic fashion." 

The results indicate that polyuridylic acid contains the information for the syn- 
thesis of a protein having many of the characteristics of poly-L-phenylalanine. 
This synthesis was very similar to the cell-free protein synthesis obtained when 
naturally-occurring template RNA was added, i.e., both ribosomes and 100,000 
xX g supernatant solutions were required, and the incorporation was inhibited 
by puromycin or chloramphenicol. One or more uridylic acid residues therefore 
appear to be the code for phenylalanine. Whether the code is of the singlet, triplet, 
ete., type has not yet been determined. Polyuridylic acid seemingly functions 
as a synthetic template or messenger RNA, and this stable, cell-free EL. colt system 
may well synthesize any protein corresponding to meaningful information con- 
tained in added RNA. 

Summary.—A stable, cell-free system has been obtained from E. colt in which 
the amount of incorporation of amino acids into protein was dependent upon the 
addition of heat-stable template RNA preparations. Soluble RNA could not 
replace template RNA fractions. In addition, the amino acid incorporation re- 
quired both ribosomes and 105,000 X g supernatant solution. The correlation 
between the amount of incorporation and the amount of added RNA suggested 
stoichiometric rather than catalytic activity of the template RNA. The template 
RNA-dependent amino acid incorporation also required ATP and an ATP-generat- 
ing system, was stimulated by a complete mixture of L-amino acids, and was 
markedly inhibited by puromycin, chloramphenicol, and RNAase. Addition of a 
synthetic polynucleotide, polyuridylic acid, specifically resulted in the incorporation 
of L-phenylalanine into a protein resembling poly-L-phenylalanine. Polyuridylic 
acid appears to function as a synthetic template or messenger RNA. The impli- 
cations of these findings are briefly discussed. 


Note added in provs.—The ratio between uridylic acid units of the polymer required and mole- 
cules of L-phenylalanine incorporated, in recent experiments, has approached the value of 1:1. 
Direct evidence for the number of uridylic acid residues forming the code for phenylalanine as well 
as for the eventual stoichiometric action of the template is not yet established. As polyuridylic 
acid codes the incorporation of L-phenylalanine, polycytidylic acidft specifically mediates the in- 
corporation of L-proline into a TCA-precipitable product. Complete data on these findings will 
be included in a subsequent publication. 

* Supported by a NATO Postdoctoral Research Fellowship. 

} Dr. Frankel-Conrat, personal communication. 
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MUTAGENS AND INFECTIOUS NUCLEIC ACIDS 


By Joun H. Norturop* anp Finiprpo Cavatiero! 


THE UNIVERSITY OF CALIFORNIA AT BERKELEY AND THE ROCKEFELLER INSTITUTE 
Communicated August 14, 1961 
Cultures of bacteria usually contain a few cells which differ from the rest in some 
hereditary character. The difference may be colony type, resistance to antibiotics, 
virus production, or other properties. 
The cells which are resistant to antibiotics may be proved by Lederberg’s! replica 
technique to be mutants of the sensitive cells.2 These resistant cells produce : 


nucleic acid (transforming principle) which is able to transfer the hereditary char- 
acter to another cell, and at the same time cause more of itself to be formed.*: 4 
This nucleic acid, therefore, appears as a result of the mutation (or perhaps its ap- 


pearance is the mutation). 

The virus-producing cells also contain a nucleic acid® (the virus) which can 
transfer genetic information to another cell and also cause more of itself to be 
formed, exactly like the transforming principle. The viral nucleic acid, however, 
is generally assumed to be formed from a hypothetical ‘pro-virus,”!* which had 
infected the culture at some time in the past. 

There are, therefore, two entirely different hypotheses for the origin of trans- 
forming-principle nucleic acid and viral nucleic acid, although both have the same 
chemical and biological properties. This appears improbable and, in any event, 
violates the principle of economy of hypotheses. 

One of the writers suggested,'*: “ therefore, that the virus-producing cell also is 
a mutant, like the antibiotic-resistant cell. The fact that the number of such cells 
is generally increased by mutagenic agents!* was cited as evidence. 
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Fra. 1.—Increase in the proportion of various mutants in culture of megatherium 899 growing in 
0.04 M NaNO: in yeast extract peptone medium (YEP). Experimental procedure as in Northrop." 
Terramycin-resistant (TR) and phage-resistant (PR) curves calculated?! from 


V 2 dA M. 
: ,(B- At — 1 B — A)t 
(é l WW’ ¢ 


Ww B-A 
A = growth rate of wild (determined by direct measurement ) 1.0. B = growth rate of mu- 
tants = 0.6. » = mutation frequency rate constant. 1//W = ratio of mutants to wild cells 


Mutant Culture medium r 
TR YEP 21x 1077 
YEP + NO, 8}x 107 
SR YEP + NO, 3 X 1075 
PR YEP 1 x 1076 
YEP + NO, 3 X 10-* 


{atio virus to cells calculated from 


F IC P, ; 
2 ae 4 v= 1) + = e' ay, (1) 

WW ( p Wi 
P/W = ratiovirustocells. / = virus produced per cell = 200, by direct determination. C = mu- 


tation time rate constant (0.04in YEP), (0.20 in YEP + NO,). 
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Fig. 2.—Increase in the terramycin-resistant mutants in cultures of 
megatherium 899 growing in yeast extract peptone after exposure to 5,000 
Roentgens. <A 2.0 (direct determination). A — B = 0.4. A = 
5 X 107%. This experiment was carried out four months later than the 
nitrite experiments, and the proportion of terramycin-resistant mutants 
in the culture was then 4 * 10~* instead of 100 x 10°. 


Furthermore, the mutagenic agents, ultraviolet light, hydrogen peroxide," heat," 
and manganese" increase the proportion of antibiotic-resistant mutants and virus- 
producing cells to approximately the same extent. This is the usual effect of muta- 
genic agents on bacterial mutants. 

These experiments have now been repeated using sodium nitrite and X-rays as 
mutagens. Nitrite was chosen because it is known to cause mutation in viral 
nucleic acid~* and, therefore, according to the present point of view, should also 
cause mutations in transforming nucleic acid. 


The results of these experiments are shown in Table 1 and in Figures 1 and 2. 


TABLE 1 
Errect OF NITRITE OR X-RAYS ON THE PROPORTION OF VARIOUS MUTANTS 
tatio of Ratio of mutants after 


Number of mutants in nitrite Number of exposure to 5,000 R 
Mutants experiments to mutantsin YEP experiments to mutants in control tubes 


PP (phage-producing) 
cells 17 6 +0.9 : + 6.9 
PR (phage-resistant) 
cells 20 3.5+0.6 ; 6 2&f 
TR (terramycin- 
resistant) cells 21 6 +1.2 5 2.4+0.2 
SR (streptomycin- 
resistant) cells 20 1.2+0.1 1.1+0.1 
Experimental procedure B. megatherium 899 grown with shaking at 37° in yeast extract peptone +0.04 M 


NaNOsz. Culture diluted and grown up repeatedly for 6 to 8 hr and mutants determined as described pre 
viously 


The table shows that growth in the presence of sodium nitrite or exposure to 5,000 

toentgens X ray results in an increase of 2 to 6 times in the number of phage- 
producing cells (PP), phage-resistant cells (PR), and terramycin-resistant cells 
(TR), but neither mutagen has any appreciable effect on the number of strepto- 
mycin-resistant cells (SR). 


Figure 1 shows the rate of appearance of the various mutants when growing in 
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peptone containing 0.04 M sodium nitrite. The curves were calculated by means of 
the equation derived by Northrop and Kunitz?! for the rate of appearance of mu- 
tants in a culture.” 

Figure 2 shows the increase in terramycin-resistant mutants after exposure to 
5,000 Roentgens. 

Effect of Increasing the X-Ray Dosage or the Concentration of Nitrite-—Increasing 
the exposure to X-ray causes a rapid increase in the production of virus, and ex- 
posure to 20,000 Roentgens or more may cause complete lysis.** This effect is 
predicted by equation (1) (in caption to Fig. 1), since when C (the mutation rate) 
is small compared to A (the growth rate), the equilibrium value of P/W will in- 
crease as C increases, but when C approaches A, a small increase in C will cause a 
very large increase in ?/W and if C is larger than A, the ratio approaches infinity." 

The other mutants cannot be determined under these conditions. 


Increasing the concentration of nitrite, on the other hand, does not increase the 
proportion of any of the mutants but merely results in decreasing the growth rate 


of the culture. 

Summary.—Exposure of megatherium 899 cultures to 5,000 Roentgens or 0.04 M 
sodium nitrite results in an increase of 2 to 6 times in the number of terramycin- 
resistant cells, phage-resistant cells, and phage-producing cells. 


The writers are indebted to Marie King for excellent technical assistance. 


* The Donner Laboratory of Biophysics and Medical Physics and the Department of Bae- 
teriology, University of California, Berkeley 4. 

t Present address: Istituto di Microbiologia dell’ Universita di Genova. 
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ISOLATION OF PEPTIDES FROM AN ANTIBODY SITE* 
By Davip PRESSMAN AND OLIVER ROHOLT 


DEPARTMENT OF BIOCHEMISTRY RESEARCH, ROSWELL PARK MEMORIAL INSTITUTE, NEW YORK STATE 
DEPARTMENT OF HEALTH, BUFFALO 


Communicated by Linus Pauling, August 1, 1961 


Antibodies against several different haptenic groups appear to contain a tyrosine 
residue in their specific combining portion. Part of the evidence for a tyrosine 
residue is based on the loss of antibody activity when antibodies are iodinated.' ? 
That the loss is due to iodination in the specific combining portion has been shown 
by the fact that the antibody specific combining portion can be protected from the 
effects of iodination by combining the antibody with the specific hapten prior to 
iodination.2._ Making use of this principle of specific protection, we have now been 


able to isolate polypeptide portions which must have come from the specific com- 


bining portion of the molecule. This was done in experiments reported here using 
as starting material a univalent fragment (Fraction I (Porter)*) of the original anti- 
p-azobenzoate antibody. One portion of the fragment preparation from specifically 
purified antibody was iodinated with iodine labeled with I'%. A second portion 
was combined with hapten and iodinated with iodine labeled with I'*. The 
iodinations were carried out to the same extent for both portions. Subsequently, 
the iodinated fragments were combined and digested with pepsin to yield peptides. 
The peptides were separated by high-voltage electrophoresis, and it was found that 
the I'*-to-I'*! ratio in some peptides isolated was different from that of the whole 
digest and this can be the case only for peptides derived from the specific combining 
portion of the antibody molecule. 


Materials and Methods.—Specifically purified antibodies: Pooled rabbit antiserum against 
bovine y-globulin coupled with diazotized p-aminobenzoic acid was used. The antiserum gave a 
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precipitate with uncoupled bovine y-globulin. It was treated by addition of one half the optimal 
amount of bovine y-globulin to remove complement, and the precipitate that was formed was 
removed and discarded. The y-globulin fraction of the remaining serum was then obtained by 
precipitation by sodium sulfate; two volumes of 25% sodium sulfate were added to one volume 
protein solution. The precipitate was separated, dissolved, and dialyzed against borate buffer.‘ 
An optimal amount of ovalbumin coupled with diazotized p-aminobenzoate was added to form a 
precipitate with anti-X, antibodies (antibodies specific to the p-azobenzoate group). The pre- 
cipitate was thoroughly washed first with pH 8 borate buffer, then with 0.9% sodium chloride, and 
was dissolved in 0.1 M p-nitrobenzoate. This solution was placed on a diethylaminoethylcellulose 
(Brown Company, Berlin, N.H.) column previously equilibrated with pH 7.2, 0.02 M sodium 
phosphate, according to the procedure of Koshland ef al. Elution with 0.1 M p-nitrobenzoate 
(adjusted to pH 7.2) resulted in the appearance of anti-X, antibody in the effluent. The antigen, 
X,-ovalbumin, used in forming the precipitate eluted more slowly than antibody under these 
conditions. The eluates containing the antibody were then concentrated by precipitation with 
sodium sulfate and dialyzed exhaustively to remove the p-nitrobenzoate. 

Papain digestion and chromatography: The antibody was digested by papain* (Worthington 
Biochemicals Co., Rahway, N.J.) and checked routinely by ultracentrifugal analysis for com- 
pleteness of digestion. The fragments were separated on carboxymethylcellulose (Brown Com- 
pany, Berlin, N.H.) columns by the methods described by Porter.* 

Radioiodine: I'* was obtained from Dr. Paul Harper, Argonne Cancer Hospital, University of 
Chicago, and I'*! from the Oak Ridge National Laboratory. 

Iodination: Radiolabeled hypoiodite in glycine buffer pH 9 was mixed with the protein solution 
in borate buffer pH 9 using a simplified modification of the “‘jet’”’ apparatus of McFarlane.® 

The labeled hypoiodite was prepared by diluting a portion of carrier-free I'*! or I'® containing 
the desired amount of radioactivity (usually ca. 108 to 5 < 108 epm) to 2 ml with 0.002 N NaOH. 
To this was added 0.2 ml 4 x 10~* M ICI (in 2 N HCl), 0.5 ml 12 N HCl, and finally 0.2 ml of 
4x 10-*M KI. The resulting I, was extracted into 5 ml of CCl. The CCl, layer was trans- 
ferred to a second tube, care being taken that no aqueous phase was included. This solution was 
then extracted with 3 ml of pH 9 glycine buffer (7.5 gm glycine, 16 ml of 1 N NaOH, made up to 100 
ml). To 1.1 ml of this glycine solution was added 0.14 ml of 0.02 M IC] (1 M in NaCl and 0.01 NV 
in HCl). (The buffer capacity of the glycine permits an addition of even an equal volume of ICI 
solution with a change in pH of only from 9.0 to 8.8). This hypoiodite solution was added to a 
mixture of a 1.75 ml portion of the protein solution (Fraction I, Porter) containing 10 mg protein 
and 0.44 ml portions of 0.5 M p-nitrobenzoate or borate buffer. After 50 min, the protein was 
dialyzed overnight at 5° against 31 of 1:10 borate buffer containing 8 gm NaCl per liter. The 
outer solution was changed, 0.1 gm KI was added to the new outer solution, and after 2 hr the 
outer solution was changed again; this time it was replaced with distilled water. Dialysis was 
continued against distilled water with hourly changes. During the 7th change, the bag contents 
usually became turbid; the addition of 1 ml of 88°, formic acid to the outer solution cleared it 
within minutes. After 30 min, the solution was taken from the bag, the volume was measured, 
and a portion was removed for radioactivity and protein determination. The remainder was 
lyophilized without apparent loss and yielded a cohesive powder. Each preparation was dissolved 
in 0.05 M formic acid to give a concentration of 20 mg per ml (calculated on the basis of the 
protein taken for iodination). 

Peptic digestion: 0.2 ml of each of the above preparations in formic acid (I'* labeled without 
protection and I'*! labeled with protection) were mixed and 0.4 ml. of 1 M formic acid was added. 
To this was added 0.04 ml 0.05 M formic acid containing 0.265 mg of pepsin (2 X crystallized, 
Worthington). Digestion was carried out at 37° for 10'/. hr. Similar mixtures were digested for 
18 and 24 hr. 

Determination of radioactivity: I'* and I'% were determined in a dual-channel scintillation 
spectrometer using a well type scintillation head.? Since 80% of the y rays from I'*' have an 
energy of 0.36 Mev and 100% of the I'% has an energy of 0.035 Mev, it is possible to count both 


isotopes simultaneously in a single sample by setting a separate channel to count y rays of each of 


these energies. The I'* count was corrected for the overlap of I'*! counts in the low-energy 
channel, which amounted to 17% of the counts in the high-level channel. All counts were cor- 
rected for a background of 20 epm in the low channel and 100 cpm in the high channel. Counts 
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were for l-min periods and at rates of at least 5,000 cpm. All counting rates were below the 
limits for coincidence errors. 

Determination of protein: Protein was determined by absorption at 280 my against buffer as a 
blank. For conversion of optical density units to mg per ml of protein, the factor used for fraction 
I was 1.50 O.D. units per mg per ml. 


Results.—Part of a preparation of Fraction I (Porter) of fragments prepared 
from anti-azobenzoate antibodies was iodinated with iodine containing I'* to the 
extent of 6.7 iodine atoms per fragment (M. W. 50,000). The same amount of the 
preparation was mixed with p-nitrobenzoate and iodinated similarly with I'*!- 
labeled iodine to the extent of 6.1 iodine atoms per fragment. Equal volumes 


were then mixed, formic acid was added to 0.5 M concentration, and the mixture 
was digested with pepsin. The digests were frozen, lyophilized, and dissolved in 
0.5 M formic acid to give 0.5 mg digest per 0.01 ml. Portions of digest were sub- 
jected to high-voltage paper electrophoresis on a GME Electrophorator (Gilson 
Medical Electronics Company, Middleton, Wisconsin) on Whatman No. 3MM 
paper (57 em by 13 em) with 4 per cent formic acid as electrolyte at 40 volts per cm 
and 3 milliamps per em. Runs were for 320 min. The paper was dried at room 
temperature and cut lengthwise into 2- or 3-cm strips, and each strip was then cut 
into '/; inch sections. The amounts of I'*! and I!” in each section were determined 
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by placing the section in a plastic tube and determining the radioactivity due to 
each isotope with a gamma-ray spectrometer. 

The results are shown in Figure 1, where the amount of radioactivity present as 
each isotope is plotted against the distance on the electrophoresis paper. In this 
experiment, essentially all of the radioactivity applied was accounted for in the 
sections counted. The ratio of I'™ to I'*! is also shown in Figure 1. Eleven 
iodinated peptide peaks were observed. ‘Two of these showed an I'*-to-I'*! ratio 
two or three times that of the whole digest. A third peak showed an I!*-to-I'*! 
ratio less than that of the whole digest. The ratios for the other peaks were 
approximately the same as that for the whole digest. Another pair of iodinations 
with and without hapten, of the antibody fragments of Fraction I, gave essentially 
the same results. Several digests were made of the products of both experiments. 
The electrophoretic analysis of each digest was made several times also with the 
same results. One digest was sampled after 10'/2 hr and after 24 hr, and the elee- 
trophoretic patterns were the same. As a control on the iodination, some of 
Fraction II (Porter)* of the same antibody was iodinated with I'*! and some with 
I'% (7 iodine atoms/fragment) without any protection in either case and the diges- 
tion and assay carried out as above. Although iodine-rich peaks were observed, 
they were in a somewhat different pattern than with iodinated Fraction I. How- 
ever, there were no significant deviations in the I'*-to-I'*! ratio from the average 
value, showing that any minor variations incurred during the duplicate iodination 
procedures are not responsible for the deviations in I'*-to-I'*! ratios observed. 

Discussion.—Those peptides having the high I'* to ['*! ratio must have been 
derived from a polypeptide chain associated with the specific combining portion of 
the antibody, since this portion would be available for iodination with I'* but 
would be less available for iodination with I'*! due to the protective action of the 
hapten. With complete protection, the value of the ratio would be infinity. 

The peak showing a low ratio of I'* to I’! must also have been due to a poly- 
peptide derived from the specific combining portion which contains at least two 
tyrosine residues not necessarily adjacent to each other, but one of which is in the 
specific combining portion and can be protected against iodination while the other 
is not. If we let AB represent this polypeptide with A representing the sequence 
containing the tyrosine in the combining portion and B the sequence adjacent con- 
taining the other tyrosine, then A*B, AB*, and A*B* represent the iodinated 
peptides with the tyrosine in A, in B, and in both A and B iodinated, respectively. 
With complete protection, there would be no peptides A*B or A*B* containing 
I'3! and the ratio of I’ to I'*! would be infinite. AB* on the other hand would be 
present in a relatively limited amount in the unprotected material at high levels of 
iodination, since it is an intermediate in the formation of A*B*. This gives a low 
value of the ratio of I'* to I'3' for AB*. Even at low iodination levels, the value 
for AB* would be expected to be somewhat low on probability considerations due 
to the fact that iodine would be distributed over at least one more iodinatable 
residue in the unprotected antibody than in the protected antibody. Any deviation 
from complete protection modifies only the magnitude of the divergence from 
average. 

Similar reasoning applies whether tyrosine is converted to mono-iodo- or di-iodo- 


tyrosine. 
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It is known that iodination of tyrosine in a peptide affects its rate of splitting by 
pepsin.’ This can also affect the I!-to-I'*! ratio for the polypeptides isolated. 
If the bond next to a tyrosine is more readily split when the tyrosine is iodinated 
than when uniodinated, protected antibody should yield larger peptide fragments 
from this portion of the protein chain, and these would show a low I'*-to-I'*" ratio 
due to the presence of more of these larger peptides from the protected protein. 

If the bond next to a tyrosine is less readily split when the tyrosine is iodinated 
than when uniodinated, unprotected antibody should yield larger peptide fragments 
from this portion of the peptide chain and these would show a high I!*-to-I'*! ratio. 
However, the corresponding peptide portion of the protected antibody would be 
further split to yield smaller peptides some of which will show a low I!*-to-I'*! ratio. 

Whether the deviations in [!*-to-I'*! ratio in the observed peaks are due entirely 
to the iodination differences alone or due to the superimposed differences in action 
of pepsin is a matter of conjecture. 

It is of particular interest that only a few individual peaks of radioactivity were 
observed in view of the known heterogeneity of antibodies and the fact that the 
serum used was pooled from several rabbits. 

Preliminary results of chromatography of individual peaks indicate relative 
homogeneity of each peak. Thus, these peaks appear to represent individual 
polypeptides. The limited number of peaks means that the bulk of the molecules 
present in Fraction I of antibody had the same polypeptide sequences in the specific 
combining portion. The pattern observed for the peptides containing iodine was 
different with Fraction II used in the control experiment than with Fraction I 
used in the protection experiments. This difference is consistent with our previous 
observation that Fractions I and II of purified antibody iodinate at different rates. 

Summary.—Fragments of specifically purified antibodies to the azobenzoate 
group were iodinated either with iodine containing I'* in the absence of specific 
hapten or with iodine containing I'*! in the presence of the p-nitrobenzoate ion to 
protect the specific combining portion. Subsequently, the two preparations were 
mixed and digested with pepsin. Separation of the resultant peptides by electro- 


9 


phoresis on paper showed eleven peaks of peptides containing iodine. In two 


peaks, the I'-to-['*! ratio was greater than that of the whole digest while in one 
there was a low ratio. 

The peptides with either the high or low ratios must have come from the amino 
acid chain associated with the specific combining portion of the antibody. 
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THE SITE OF RIBONUCLEIC ACID SYNTHESIS IN THE ISOLATED 
NUCLEUS* 
By Joon H. Roof anp JAMES BONNER 
DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY 


Communicated August 9, 1961 


There is still controversy concerning the primary site of RNA synthesis in the 
cell.!. When tissues are radioautographed after administration of radioactive 
inorganic phosphorus or radioactive RNA? precursors such as tritiated uridine or 


cytidine, it is commonly observed that radioactivity appears in the nucleus first 
and in the cytoplasm later. It has furthermore been shown that isolated nuclei 
of both animal’ and plant‘ material are able to synthesize RNA in vitro but that 
enucleated cytoplasm is unable to carry on such synthesis. Although the problem 
of whether or not RNA is synthesized in both nucleus and cytoplasm is not com- 
pletely understood,*~* there is increasing cytological evidence that a substantial 
portion of the cytoplasmic RNA is synthesized in the nucleus’-" and subsequently 


migrates to the cytoplasm. 

The site of RNA synthesis in the nucleus, however, is variously proposed to be 
the nucleolus, !*: 8 the chromatin,!*~*! or both.*?: 2% It has been suggested that 
cytoplasmic RNA is derived from either the nucleolus! ' '8 or from the chromatin 
after passage through the nucleolus!® * or from both.'* The autoradiographic 
data heretofore obtained are inconclusive on these points. Autoradiographs of 
nuclei labeled with radioactive RNA precursors are only rigorously interpretable 
in the case of isolated nuclei or nucleoli because of the background otherwise 
created by radioactive cytoplasm or by chromatin closely associated with the 
nucleolus. In the present work the more direct approach of the physical fractiona- 
tion of previously labeled, isolated nuclei has been used. Large quantities of 
nuclei have been isolated, incubated under suitable conditions with labeled 
precursors of RNA, the subnuclear components then separated from one another, 
and the amounts of radioactivity contained in the RNA of chromatin, nucleoli, 
and other nuclear components estimated directly. It has in this way been possible 
to arrive at reasonably firm conclusions concerning the site of RNA synthesis in 
the nucleus. 

Materials and Methods.—Plant tissues: Pea seedlings; Pisum sativum, were grown in vermic- 
ulite in the dark for 4 days at 25°C. From these seedlings, apical tips, 1.0-2.0 cm in length, 
were cut, freed of vermiculite, and then washed with 0.5% clorox for 3 min. These stem sections 
were then used for isolation of nuclei. 

Chemicals: Cytidine-H’, specific activity: 4,900 me per mM, used as RNA precursor and 
obtained from New England Nuclear Corporation, Boston, was added to the incubation medium 
in a final concentration of 25 we per ml. Phosphocreatine kinase was prepared from rabbit muscle 
according to the procedure described by Kuby ef al.24 Penicillin powder, specific activity 1,000 
units per mg was used as manufactured by Chas. Pfizer & Co., Inc., New York. Other chemicals 
were of reagent grade. 

Isolation and incubation of nuclei: Nuclei were isolated from pea seedlings by a new method 
which consists in passing the plant tissue through a set of counter-rotating rollers with simultaneous 
addition of a sucrose-CaCl, medium; sucrose, 0.25 M; CaCl, 0.003 M; tris buffer, 0.006 M, pH 
7.2.25 We have constructed a semiautomatic machine to perform this operation. The plant 
tissue is carried on nylon mesh, first chopped into 1 mm sections, and the segments are then 
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passed through the two rollers. The homogenate is collected and the thus liberated intact nuclei 
quickly purified by filtration through a double layer of miracloth and subsequent centrifugation at 
350 X g for 10 min. All of the operations are carried out at 4°C. The purity of the nuclear 
fractions is routinely tested under the light microscope both with the specimens stained with 
iodine and with the ones stained with acetocarmine. The bulk of the nuclear contaminants are 
found to be starch particles, and very few particles are found that are both acetocarmine-negative 
and iodine-negative. The nuclear preparations are completely free of any intact cells. 

The isolated pea nuclei were then incubated in a medium (Table 1) containing cytidine-H® as 


TABLE 1 
INCUBATION Mepium For CyTIpINE-H’ INCORPORATION * 

Sucrose 25. xX 10-2 M 
ATP 10-4 M 
GTP 10-4 M 
UTP 10-4 M 
Phosphocreatine 5 X 10-? M 
Phosphocreatine kinase 100 +/ml 
Tris buffer 25 X 10-3 M 
CaCl 3x 10-3 M 
MgCl, 5 X 10-7? M 
Cytidine-H? (25 ye) 5 X 10-*M 

Final vol. 1 ml 

pH 7.2 


* 0.35 mg of penicillin is added per ml of incubation medium to control bacterial activity. 


radioactive RNA precursor at 35°C. Penicillin powder 0.35 mg per ml of incubation medium was 
added to control bacterial activity. About 6 to 8 mg of nuclear protein was used for each sample 
for incubation. Uptake of cytidine-H* was stopped by rapid chilling and dilution of the radio- 
active cytidine by a large excess of non-radioactive CTP. 

Isolation of nucleoli, chromatin particles, and other subnuclear components: To locate the RNA- 
synthesizing function in the nucleus it has been necessary to separate the subnuclear components. 


The principle of separation and isolation used has been adapted from that of Johnston ef al.** and 


27 


has been further extensively developed for our purposes.27 Rupture of nuclei is accomplished by 


removal of calcium from the nuclear suspension as the calcium-citrate complex. The nuclei are 
then ground in an Omni-Mixer at 40 volts for3 to4 min. The thus disintegrated nuclear materials 
are next separated by fractional centrifugation in concentrated sucrose solution. The sucrose 
solution in which homogenization of nuclei is to be carried out is adjusted to specific gravity of 
1.31. After the grinding, the homogenates are diluted with 18% by volume of water and then 
subjected to fractionation. The most completely nucleolar fraction was obtained by centrifuging 
for 20 min at 11 to 14 thousand rpm in the Spinco swinging bucket rotor No. 25. After all of the 
nucleoli were spun down, the homogenate was further 5 times diluted (KCI, 10 mM; MgCh, 
2 mM; tris buffer, 6 mM, pH 7.2) and then centrifuged at 20,000 rpm for 15 min in the No. 30 
angular rotor. This sediments the chromatin fraction. Further centrifugation at 30,000 rpm 
for 4 hr resulted im sedimenting of the ribosomal fractions. 

Determination of DNA, RNA, protein, and radioactivity: The pellets of the various fractions 
were treated in 3° HClO, for 2 hr at 0°C and were then washed essentially according to the 
procedure of Ogur and Rosen.** This consists in washing once with 70% ethanol, once with 70% 
ethanol-0.1°  HCIO,, once with 70% ethanol, twice with ethanol-ether (3:1), and finally with 2% 
HCIO, (all at 2-4°C). The RNA in the washed precipitate was then hydrolyzed in 1 N HCIO, 
for 60 hr at 0°C. RNA was determined by optical density of the perchloric hydrolysates, using 
the Cary Spectrophotometer. IDNA was extracted from the residue by heating in 0.56 N HCIO, in 
a water bath for 20 min at 70°C and this extraction was repeated once. The combined extracts 
were then used for DNA determination by optical density at 268 my. Protein of the residue was 
determined by the Biuret method according to the procedure of Gornall et al.2° Aliquots of the 
| N HCIO, extract were taken for determination of radioactivity in the RNA sample. For count- 
ing, 0.1 ml of the solution was pipetted into a bottle containing 10 ml of the following mixture:™ 
700 ml of toluene, 300 ml of absolute ethanol, 4 gm of 2,5-diphenyloxazole, and 100 mg of 1,4-bis-2- 
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(5-phenyloxazolyl)-benzene. The sample was then counted in a Packard liquid scintillation 
spectrometer. The counts were corrected for self-absorption of the 1 N HCIO, solution. 
Results.—The site of incorporation of cytidine-H* into RNA: Nuclei isolated 
as described above actively incorporate several metabolites, including uridine-H‘ 
and cytidine-H*, into RNA® and amino acids into protein.*! As will be described 
elsewhere,” the incorporation of cytidine into RNA is almost wholly dependent 
upon the presence of the other three nucleoside triphosphates and is increased by 
the addition of energy-regenerating system. For the experiment of Figure 1, 
INCORPORATION OF CYTIDINE-H® INTO PEA NUCLEAR COMPONENTS 
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Fig. 1.—Incorporation of cytidine-H* into RNA of nuclear components. The disintegrated 
nuclear materials are fractionated by successive centrifugations in sucrose solution of specific 
gravity of 1.26. The pellets of fractions 1 to 6 were collected successively from the supernatant 
of the previous fraction at rpms of 6,000, 11,000, 14,000, 17,000, 20,000, and 25,000 in the Spinco 
swinging bucket rotor No. 25. Fraction 1 consists principally of unbroken nuclei and starch 
granules. Fractions 2 and 3 are principally nucleoli. Fractions 4 and 5 consist of nucleoli 
mixed with chromatin particles. The supernatant of Fraction 6 was diluted 5-fold and then 
centrifuged at 20,000 rpm for 15 min in the No. 30 angular rotor to obtain Fraction 7. Fractions 
6 and 7 are free of intact nucleoli and are referred to chromatin fraction. Further centrifugation 
of the supernatant of Fraction 7 at 30,000 rpm for 4 hr results in sedimenting of Fraction 8 which 
corresponds to the ribosomal fraction. Fraction 9 is simply the supernatant of Fraction 8. 
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isolated nuclei were allowed to incorporate cytidine-H$ into RNA (medium described 
in Table 1), the reaction stopped after 5 min by chilling, the reaction mixture diluted 
with a large amount of non-radioactive cytidine, and the nuclei then ground and 
fractionated into subnuclear fractions. It is clear from Figure 1 that labeling 
appears principally in two fractions, namely fractions 3 and 6. Fraction 3 which 
exhibits a moderately high RNA-to-DNA ratio is the principle nucleolar fraction 
as determined with the light microscope. The other peak of labeling coincides 
with fraction 6, which has a low RNA-to-DNA ratio and which represents chroma- 
tin material free of nucleoli. The labeling of the chromatin fraction in a 5-min 
period is about 3 to 4 times greater than that of the nucleolar fraction. If the 
incubation period is prolonged to 20 min however, the labeling in the two fractions 
becomes approximately equal, and the subsequent rates of incorporation into the 
two fractions remain approximately equal. 

Fraction 8 (Fig. 1) is that which includes the ribosomal material (Ts’o et al.*?) 
while Fraction 9 includes all supernatant (smaller than ribosomal) materials. 
Neither ribosomal nor supernatant fraction gain any large amount of label even 
after 20 min of incubation. 

When the pattern of nuclear labeling is plotted in terms of specific activity, 
epm/unit RNA, rather than in terms of total activity per fraction as in Figure 1, 
only one peak is observable, namely that of the chromatin fraction. The neoluclar 
fraction by contrast exhibits rather low specific activity even after 20 min of incu- 


bation. 
The dilution of the radioactive RNA precursor pool with unlabeled CTP: In these 
experiments, isolated nuclei were incubated in cytidine-H*-containing medium 


for a certain period of time, an excess of unlabeled CTP (1,000 times as much as 
the amount of cytidine-H* used) added to quench incorporation of label, and the 
nuclei then allowed to continue to synthesize RNA for various periods. When the 
non-radioactive CTP was added, the incubation mixture was placed in ice and left 
for 5 min to equilibrate the CTP with radioactive RNA precursor pool, after which 
time the incubation mixture was returned to 35°C. Total activity incorporated 
into nuclear RNA in this type of experiment increases over the first 10 min after 
addition of the non-radioactive CTP. The kinetics of this increase (Fig. 2), which 
are fairly consistent for many nuclear preparations and all time intervals, consist of 
an initial suspension of incorporation (ca. 5 min) followed by approximately 5 
min of further synthesis. After this period, however, appearance of label in RNA 
ceased entirely as should be expected. With these reservations then, the fate of 
the previously synthesized RNA can be followed. The characteristics of the 
distribution of label among subnuclear fractions after quenching are shown in 
Figures 3 and 4. Incorporation of cytidine-H* into the RNA of chromatin con- 
tinues as described above for 10 min beyond the instant of quenching. After this 
time, however, the amount of activity in chromatin decreases or at least fails to 
increase further. Both the nucleoli and the mixed chromatin-nucleoli fractions, 
on the other hand, initially gain activity slowly, although at an increasing rate, 
up to the time of quenching. After dilution of the radioactive RNA precursor 
pool with non-radioactive CTP, the activity in the RNA of these two fractions, 
unlike that of chromatin, does not increase merely for 10 min but on the contrary 
increases rapidly for up to 30 min. 





Vou. 47, 1961 BIOCHEMISTRY: RHO AND BONNER 





400 


| 
5 Quenched with cold CTP(x!000) 


TOTAL COUNTS (cpm) 





n 
1 


10 15 20 25 min 
INCUBATION OF NUCLEI WITH CYTIDINE -H® 








Fic. 2.—Time course of cytidine-H® incorporation into RNA of isolated nuclei. Nuclei were 
incubated at 35°C in the medium of Table 1 for 10 min and the incubation mixtures then diluted 
with an excess of non-radioactive CTP (1,000 times as much as the amount of cytidine-H? used). 
After dilution of the medium with non-radioactive CTP, the incubation mixtures were left in ice 
for 5 min and then returned to 35°C for further incubation. 0.35 mg of penicillin powder was 
added. Total volume, 1.0 ml. 

But little activity appears in the ribosomal fraction during the first 30 min of 
incubation. After this time, however, some labeling does appear in this fraction. 

In Figure 4, the data of Figure 3 are transformed to specific activity. It is clear 
that the specific activity of the nucleolar RNA, initially less than that of the chroma- 
tin RNA, rises steadily after quenching and ultimately becomes equal to or greater 
than the latter. It is clear then, both from the data on total activity incorporated 
and from that on specific activity, that the chromatin fraction initially incorporates 
cytidine-H? into RNA at a faster rate than does the nucleolar fraction but that the 
activity of chromatin levels off earlier than does that of nucleoli after dilution of the 
radioactive RNA precursor pool by non-radioactive CTP. 

Discussion.—The above results show that during short-time incubations, uptake 
of cytidine-H* into RNA takes place in two regions of the nucleus, namely the 
chromatin and the nucleolus. The chromatin exhibits a much greater initial rate 
of incorporation than does the nucleolus, but the amount of labeled RNA in the 
nucleolus does increase with time after a prolonged lag period. Several interpreta- 
tions of this observation would in principle be possible. Thus, it might be supposed 
that RNA is synthesized essentially only in the chromatin portion of the nucleus, 
that it is associated with chromatin for a short time, and that it then migrates 
to the nucleolus. One might further suppose that the newly orfmed RNA remains 
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Incubation conditions as for Figure 2, except that dilution of the incubation mixtures 
with non-radioactive CTP was after 15 min of incubation. 
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Fic. 4.—Time course of cytidine-H* incorporation into nuclear components. Incuba- 
tion conditions as for Figure 3. 

in the nucleolus for a relatively long time and then moves out to the cytoplasm. 
A second possible interpretation would be that chromatin and nucleolus are equally 
capable of incorporating cytidine-H* into RNA and that the labeling characteristic 
depends on either the pool sizes of unlabeled precursors in each component or the 
total RNA concentration of each component. This second possibility is, however, 
eliminated at once by the fact that quenching of the incorporation of label into 
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RNA by non-labeled CTP decreases appearance of label in chromatin but increases 
appearance of labeled RNA in nucleoli. 

Previous workers have disagreed on the initial site of RNA synthesis in the 
nucleus. Several investigators who have used the technique of counting of the 
number of grains per unit area over each nuclear structure in autoradiograms and 
after incubation in labeled precursor for a relatively long time (1 hr or longer) 
have observed that nucleoli become the most heavily labeled structure in the 
nucleus and have suggested therefore that RNA is synthesized in the nucleolus, 
from whence it moves to the cytoplasm. Most of the autoradiographic data has 
been expressed in terms of concentration of label or number of grains per unit area 
over each structure. Different conclusions would be reached if one were to ex- 
press the same data as total label incorporated into each nuclear component. By 
counting total grains in autoradiograms over each nuclear component and by 
using much shorter times of incubation (4 to 5 min), it has been found that a small 
but significant amount of labeled RNA appears in the chromosomal portion of 
interphase nuclei and that during these short incubations nucleoli incorporate but 
little radioactivity.'* *? 2? Woods? in his autoradiographic study found that 
steady-state incorporation of labeled RNA in the chromatin is reached 14 min 
after the application of label to Vieza tissue. During further incubation, the 
amount of labeled RNA in the nucleolus rises steadily to reach a level considerably 
higher than that in the chromatin, a final steady-state distribution between chroma- 
tin and nucleolus being reached approximately 1.5 hr after the beginning of treat- 
ment. Goldstein and Micou,'® using similar techniques, have found that the 
amount of RNA which appears in the nucleolus during a 5- to 10-min interval 
is of the order of magnitude which would be expected if all of the labeled RNA of 
the nucleolus were derived from the chromosomal RNA, and without independent 
RNA synthesis in the nucleolus. It may be concluded therefore that the results 
of the present preparative and chemical approach support the previous auto- 
radiographic evidence and provide strong support for the hypothesis that the 
chromatin is the primary site of synthesis of a large portion of the cellular RNA. 

The question of whether or not the simultaneous decline of labeling in chromatin 
RNA and the gain of labeling in nucleolar RNA after quenching is by direct trans- 
fer of large RNA molecules to the nucleolus or by degradation to small molecules 
followed by resynthesis is an important one. If there were any independent in- 
corporation of labeled cytidine in the nucleolus or any reincorporation of labeled 
cytidine after degradation of labeled chromosomal RNA, this should be stopped by 
the dilution of the labeled precursor pool with non-radioactive CTP. Under these 
circumstances, nucleolar incorporation should be expected to cease immediately, 


just as is the case with incorporation into the chromatin fraction. In fact, however, 
the nucleolar fraction gains radioactive RNA in spite of such dilution. It can 
therefore be concluded that the label incorporated into nucleolar RNA comes from 
a source other than the cytidine-H* pool. The probable explanation seems to us 


to be that it comes from the chromatin as a large molecule. 

The present data are by no means complete enough to exclude the possibility 
that there are, at least in part, distinct and different RNAs in-the nucleolus and 
in the chromatin or that they may have their own independent rates of synthesis 
and degradation. Many workers have shown that nuclear RNA may be com- 
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posed of at least two different fractions* *?: 2%. *3-% and there is no reason to suppose 
that. these two fractions are themselves homogeneous. If there are many RNA 


species and fractions in the nucleus, each may have its own characteristic kinetics 


of labeling in experiments such as those presented above. 

The characteristic time course of labeling of the chromatin and nucleolar frac- 
tions found in the present study suggest however that the RNA is actually syn- 
thesized on the chromatin with which it remains associated for a time which is 
short in comparison to the time which it spends associated with the nucleolus. 
It may be understood on this basis why the appearance of labeled RNA in the 
nucleolus exhibits an early lag but later rises to high levels. The RNA, assembled 
in close association with the DNA of the chromatin, would appear according to 
the present view to be transferred to the nucleolus, where, over a substantial period 
of time, it is modified or processed for its ultimate cellular function. 

Summary.—Nuclei isolated from pea tissue by a new method, which consists in 
passing the tissues through a set of counter-rotating rollers, have been used to 
study the site of RNA synthesis in the nucleus. Nuclei, previously incubated in a 
mixture including tritium-labeled cytidine, were fractionated into subnuclear 
components. It has been found that incorporation of cytidine into RNA takes 
place in two regions of the nucleus, namely in the chromatin and in the nucleolus. 
Uptake of label by chromatin is, however, initially much more rapid than uptake by 
other subnuclear components. Appearance of label in nucleolar RNA is charac- 
terized by a prolonged lag period. 

In further experiments, nuclei were allowed to incorporate label into RNA for a 
short period, and the radioactive RNA precursor pool was then diluted with a large 
excess of unlabeled CTP. Under these circumstances, label disappears from the 
RNA of chromatin and appears in the RNA of nucleoli. It is concluded that RNA 
is first synthesized on the chromatin and is then transferred to the nucleolus. 
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It has been postulated that ordered and disordered DNA have different ultra- 
violet action spectra, although the absorption spectra are similar in shape,! and that 


the action spectrum criterion may be used to diagnose organization of DNA in 
biological systems.2. There are three lines of experimental evidence supporting 


this hypothesis. 

1. The single-stranded DNA bacteriophage @X174 (ref. 3), when assayed for 
loss of plaque formation, has an ultraviolet action spectrum with a minimum at a 
longer wavelength than that of the double-stranded DNA bacteriophage T2. 
The action spectrum of ®X174 changes from pH 2-12 like the changes in the ab- 
sorption spectrum of the sum of the DNA pyrimidines,‘ which are known to be 
more ultraviolet-sensitive than the DNA purines.’ However, the absorption 
spectrum of 6X174 reflects the sum of the absorption of both purines and pyrimi- 
dines. 

2. During intracellular development of T2 the action spectrum for loss of 
plaque formation approaches the shape of the @X174 spectrum.? The interpreta- 
tion of this shift as a change from a two- to a one-stranded state of the viral DNA 
is supported by the appearance of ability to fix complement in intracellular T4 
DNA,‘ this serological activity being associated with heat-denatured but not native 
DNA. 
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3. The action spectrum of intracellular ®X174 shows a shift to an ordered 
type.” There is also evidence that the DNA of this virus becomes less dense 
during intracellular development, suggesting conversion to a more ordered struc- 
ture.° 

That the observed differences in action spectra are the result of differences in 
DNA organization could be critically tested by comparison of action spectra of 
DNA that has been irradiated in known ordered and disordered states. This 
comparison is possible with bacterial transforming principle, since biologically 
active but almost pure DNA can be irradiated in two conditions: (1) the native, 
ordered state and (2) at temperatures above the melting point, where the hydrogen 
bonds are no longer present and the DNA may be considered disorganized. 

The experiments on Hemophilus influenzae described in this paper show that 
the action spectra of ordered and disordered DNA differ as postulated. 


Materials and Methods.—The methods used in the transformation procedures were essentially 
those described previously,® with some later modifications." H. influenzae cells (Rd strain) were 
grown in 3.5% Difco Brain Heart Infusion supplemented, after autoclaving, with 1.9 mg/liter 
diphosphopyridine nucleotide (DPN) and 4.75 ml/liter hemin solution. The hemin solution was 
prepared with 10 mg hemin, 10 mg L-histidine, 9.6 ml H.O, and 0.4 ml 100% triethylolamine. 
The mixture was heated at 60°C for 10 min. The agar medium used for assaying the trans- 
formation activity was 2.7°% Difeo Brain Heart Infusion, 0.7% Eugonbroth (Baltimore Biological 
Laboratory ), and 1.2; agar, supplemented with DPN and hemin solution, as in the liquid medium. 
Streptomycin was added to give a final concentration of 500 ug/ml. Transforming DNA con- 
taining the streptomycin marker was prepared as previously described.° 

Monochromatic ultraviolet irradiations were performed on DNA samples contained in covered 
quartz cuvettes. A water-prism monochromator was used at Yale and a Hilger quartz-prism 
monochromator at Oak Ridge, both instruments having a 20 A band width. The water prism 
instrument delivered twice the intensity as the Hilger. The light sources were high-pressure 
mercury are lamps (Philips SP-500). Doses at each wavelength were varied by changing the 
time of irradiation. Incident intensities were measured with a calibrated photocell and DC 
amplifier. They were cerrected at each wavelength for absorption by the DNA solution, as 
measured in a Beckman spectrophotometer at the temperature used for irradiation, so as to 
determine an average intensity through the sample." 

The DNA was suspended in 0.4 M NaCl for the irradiations. Citrate was omitted because at 
high temperature the 0.014 M trisodium citrate usually employed with transforming factor 
strongly absorbed ultraviolet light of wavelengths below 2,400 A. When the correction to the 
incident intensity is too large, the precision of the average intensity measurement is reduced. 
This may be avoided by keeping the DNA concentration to a maximum of about 8 ug/ml. The 
per cent transmission was usually greater than 50. 

The high temperatures were maintained during irradiation by passing hot water through a 
Lucite box containing the quartz cuvette. There was a quartz window in the Lucite box for the 
incident light. Temperatures were constant within +0.5° during the irradiations. Two milli- 
liters of the DNA solution were usually placed at the high temperature in the irradiation chamber 
5 min before the start of the irradiations to enable the melting process to take place. It was 
found that about 1 or 2 min at 98°C were sufficient to obtain the maximum amount of absorption 
increase (hyperchromic effect) that could occur. The solution in the cuvette was stirred by a 
magnetic stirrer during heating and irradiation. Samples of around 0.2 ml volume were removed 
with heated pipettes from the cuvettes after various times of irradiation and placed in vials at 
room temperature. Under these conditions, samples came to room temperature in a minute or so. 
Assays for transformation activity were made after the samples had cooled. 


Experimental Results and Discussion.—It has been shown that inactivation by 
light of wavelength 2,537 A of H. influenzae transformation principle, for a number 
of drug markers, obeys over a wide range an inverse square law.'? The dose-sur- 
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vival relation is V No/N = 1 + CD, where No is the initial number of transformed 
bacteria, N the number found with transforming DNA given an ultraviolet dose D, 
and C the sensitivity constant depending on the particular marker. We have also 
found this relation to hold when streptomycin-resistance-marked transformation 
principle was irradiated with ultraviolet light of a number of different wave lengths 
at room temperature and at 85°C. At 85°C, it was found that there was little 
or no heat inactivation for times up to | hr, whereas the total time at 85°C for 
the experiments reported here was no more than 20 min. Thus, it was considered 
that the inactivations at 85°C were the result of ultraviolet action alone. 

The convenient linear plot’? of ultraviolet transformation data (WV No/N versus 
D) was used for all our inactivation data. Figure 1 shows some typical examples 
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Fic. 1.—Total time of heating at 85°C was 20 min. No is the number 

of cells transformed with DNA preheated 5 min at 85°C and then cooled, 

but with no subsequent ultraviolet dose; N is the number transformed 

with DNA preheated and irradiated for a fixed time while the 85°C tem- 

perature was maintained, and then cooled. Each increment of dose 

shown is 1.0 quantum/A?. The bottom point for each wave length repre- 

sents zero dose. 
of such graphs. The slopes of these lines are measures of the sensitivity to light 
of these wave lengths. In all the figures, the curves were fitted by eye, giving 
somewhat higher weight to control points that were determined from twice as 
many plates as other points. 

A plot of sensitivity versus wave length is an action spectrum. We cannot at 
present interpret the absolute value of these sensitivities, which vary from one 
DNA preparation to another. For this reason, all the data presented here were 
obtained with one preparation, except where otherwise stated. 

Figure 2 shows the ultraviolet action spectrum for inactivation at 85°C of the 
ability of DNA to transform bacteria to streptomycin resistance, with some ad- 
ditional data taken at room temperature. There is little difference in the shape 
of the two spectra. (The apparent absolute difference in sensitivities at the two 
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Fic. 2.—The sensitivity is given as change in \/N,/N for a dose of 1.0 quantum/A?. The 
85°C data were obtained with the high-intensity monochromator, and the room tempera- 
ture data at intensities about half as great. 

temperatures, determined with two different. monochromators, is probably a re- 
flection of the fact that absolute intensity measurement is difficult. Inactivations 
with light of wave length 2,300 A from the high-intensity monochromator produced 
the same result at 85°C as at room temperature.) The action spectra are approxi- 
mately like the absorption spectrum of the sum of the four base constituents of 
DNA," indicating that a quantum absorbed in any base can eliminate transforming 
activity with about equal efficiency. Since data obtained from 2,537 A irradiation 
of free bases and DNA show that the pyrimidines are much more readily affected 
than the purines, the correspondence between action and absorption spectra indi- 
cates that energy absorbed in purines is efficiently transferred to the pyrimidines 
in the well-organized DNA polynucleotide chain. The somewhat greater (2,600 

2,300) ratio in the action spectrum may be explained by assuming that quanta ab- 
sorbed in pyrimidines have a slightly higher inactivation efficiency than those ab- 
sorbed in the purines. The minimum in the curves is at about 2,320 A, and the 
spectrum is similar in shape to that of extracellular T2 phage.’ 

At 98°C, there are apparently two phenomena occurring which affect biological 
activity of transforming principle. One may be considered to be production of 
irreversible heat damage, and the other the dissolution of the hydrogen bonds 
with consequent collapse of the rigid structure of the DNA.'* The second process 
has been shown to be partly reversible under certain conditions. Under the 
conditions used for ultraviolet irradiation at 98°C in the experiments reported 
here, most of the molecules did not reconstitute after cooling so as to regain their 
biological activity. There was usually only 2-4% of the original activity left 
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after heating to 98°C for 5 min and then cooling. The activity remaining after 
heating is much larger if the samples are slow-cooled. However, the technical 
difficulties associated with removing a number of samples from the irradiation 
cell and making sure that they were all identically slow-cooled led us to adopt the 
fast-cooling procedure. 

The molecules that have biological activity after ultraviolet irradiation at 
98°C are presumably the survivors of ultraviolet damage and heat damage, which 
reconstitute after cooling. In order to try as far as possible to eliminate the in- 
fluence of heat on the measurement of the relative effect of wave length on sensi- 
tivity, the total time of heating was kept constant for each set of irradiations at the 
different wave lengths. The total time of heating is the time between the onset 
of the preheating and the removal of the sample, which had received all the suc- 
cessive intervals of irradiations. This constant time was 15 min for one set, 17 
and 8*/, min for two other sets. The per cent survival after heating without 
irradiation for 15 min was a factor of 2 or 3 less than after 5 min of heating. The 
factor of 2 or 3 produces a relatively small effect on the result of ultraviolet in- 
activations done at 98°C, since the inactivation caused by radiation is large com- 
pared to that caused by the added increment of heat. 

Figure 3 shows the results of an ultraviolet inactivation experiment at 98°C. 
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Fic. 3.—Total time of heating at 98°C was 15 min. Np is the 
number of cells transformed with DNA preheated 5 min at 98°C and 
then cooled, but with no subsequent ultraviolet dose; N is the num- 
ber transformed with DNA preheated and irradiated for a fixed time 
while the 98°C temperature was maintained, and then cooled. Each 
increment of dose shown is 1.0 quantum/A?. The bottom point for 
each wave length represents zero dose. 
It is seen that the same dose-survival equation is obeyed as at lower temperatures. 
Similar data were obtained with other wave lengths. A set of irradiations done with 
a monochromator that delivered about half as much intensity gave somewhat 
different results in that deviations from the usual linear relationship occurred, as 
shown in Fig. 4. With longer irradiation times (and thus with longer heating 
times), there was relatively more inactivation from heat than occurred at higher 
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Fia. 4.—Conditions as in Figure 3, except that the preheating was 3 min 
and the DNA preparation was a different one. The concentration during 
irradiation was 4ug/ml. Each increment of dose shown is 0.1 quantum/A?. 


N SPECTRA FOR LOSS OF HEMOPHILUS INFLUENZAE 
TRANSFORMATION, 98°C 


j 





1 L 1 
2500 2700 
WAVE LENGTH INA 
Fig. 5.—Procedure as in Figure 2. (.) High-intensity monochromator; 5-min preheat- 
ing time; total time, 15 min. A Low-intensity monochromator; 5-min preheating time: 
total time, 17 min. © Low-intensity monochromator; 3-min preheating time; total time, 
8*/,min. DNA preparation as in Figure 4. 
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incident intensities. In the case of these data, the measure of sensitivity used was 
the slope of the lower-dose portion of the curve. Provided the doses and, thus, 
the heating time were the same, the reproducibility of the slopes of the 98°C 
ultraviolet survival curves was good to around 10%. 

Figure 5 shows three determinations of the action spectrum for ultraviolet 
inactivation of biological activity of transformation principle at 98°C. The 
variables represented by the three spectra are: (1) incident intensities, and, thus, 
varying heating conditions for a fixed ultraviolet dose, (2) time of preheating, and 
(3) the DNA preparation used. It can be seen that in all spectra the minimum is 
at a longer wave length than in the 85°C spectrum and is now about 2,380 A., 
which is closer to that of the single-stranded virus ®X174 (ref. 4). It is also ap- 
parent that there is little difference between the relative sensitivity measurements 
made on the two monochromators. One set of points was derived from only the 
initial part of the inactivation curve (as in Fig. 4), and for the other set the slope 
of the whole line was used (as in Fig. 3). 

The difference between the action spectra at 98°C and at 86°C is probably as- 
sociated with the small probability of energy transfer from purines to pyrimidines 
when the DNA is a disorganized configuration. The disorganized DNA has an 
action spectrum like the absorption spectrum of the sum of the pyrimidines alone. 
In both the 98° and 85°C action spectra, the rapid rise in sensitivity at low wave 
lengths is probably connected with the fact that the quantum yield for pyrimidine 
destruction increases at wave lengths below 2,300 A (ref. 16). 

A comparison of the absolute sensitivity of transforming principle at 85° and 
98°C cannot be made from these data, since the inactivation at 98°C is not from 
ultraviolet light alone. In addition to this complication, when the transforming 
principle underwent heating and rapid cooling before treatment at 2,537A, the 
ultraviolet sensitivity among the survivors to heat was considerably decreased, 
as shown in Table 1. 


TABLE 1 


ULTRAVIOLET INACTIVATION OF TRANSFORMING ACTIVITY WITH AND WITHOUT PREHEATING FOR 
5 MIn at 98.5°C AND Rapip CooOLING BEFORE IRRADIATION 


Ultraviolet dose V No/N V No/N* 
at 2,537 A (ergs/mm?) no heat 5 min preheating 
500 3 1.§ 
1,000 4.2 
1,500 5.6 


2 
3.9 


* No in this column is the number of transformed bacteria after the DNA was treated with heat alone; 
number transformed with DNA treated with heat, cooled, and then irradiated. 

It has been reported” that heterozygous units made by heating and slow-cooling 
two homozygous DNA preparations, each containing either the streptomycin or 
the cathomycin marker, are less sensitive to ultraviolet radiation than homozygous 
units containing the same two markers; in both cases, the ability of the trans- 
forming principle to transform bacteria to resistance to both drugs is assayed. 
This phenomenon may possibly have nothing to do with the heterozygous property 
of the annealed molecules, but may be a property of all DNA molecules heated 
above the melting point and then cooled, perhaps reflecting a selection of the 
molecules by heating and cooling, or a change in the molecules which alters ultra- 
violet. sensitivity. 
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It appears that the relationship between high-temperature heat inactivation and 
ultraviolet inactivation is a complicated one. Because we could not eliminate or 
understand the complications, we have assumed that the relative wave length 
variation of sensitivity to ultraviolet irradiation and heat is not much affected 
by the change in ultraviolet sensitivity due to heating. This assumption is strength- 
ened by the similarity in the action spectra obtained with two monochromators 
whose intensities differ by a factor of approximately 2. In addition, the intensities 
of the wave lengths close to the observed minima were all approximately the same 
for each monochromator, so that the determination of the position of the minimum 
was done with equal intensities as well as equal heating times. 

It is possible that the observed biological activity of molecules previously sub- 
jected to 98°C heat followed by rapid cooling is caused by molecules that were not 
completely dissociated into single strands at the high temperature. Heterozygous 
molecules do not form when separate DNA’s containing streptomycin and catho- 
mycin markers are heated together and then rapidly cooled.“ However, with 
slow cooling it is found that extending the time of heating, or raising the tempera- 
ture above 100°C, does not result in increased heterozygote formation.” In ad- 
dition, the fraction of biological activity after heating at high temperature and 
fast cooling is not dependent on concentration.’ These data suggest two possi- 
bilities: (1) the molecules that have biological activity after heating and rapid 
cooling did not undergo complete strand separation at the high temperature, per- 
haps because of an occasional covalent bond, which keeps the strands together at 
one or several points, or (2), as Ginoza and Zimm" suggested, denatured DNA can 
transform with a very low efficiency. However, all that is required for the strands 
to react to ultraviolet light as though they were single-stranded is that the majority 
of hydrogen bonds be broken, so that the molecules are in a disordered state. Thus, 
both explanations for the residual active fraction are compatible with the interpre- 
tation of the results given here, namely, that at 98°C ultraviolet light is acting upon 
a disordered molecule and that the alteration in the shape of the action spectrum 
is due to the structural change from the previously ordered hydrogen-bonded 
macromolecule. 

The shapes of the absorption spectra of DNA at 85° and at 98°C are very similar, 
because the magnitude of the hyperchromic effect at wave lengths below 2,800 A 


is approximately wave-length-independent. The action spectra, however, are 
different. The differences may be explained in terms of the increased localization 
of absorbed ultraviolet energy in the disordered, nonhelical DNA molecule at 
98°C so that the relative sensitivity to inactivation as a function of wave length 
more closely approximates the absorption of the much more ultraviolet-sensitive 


bases in DNA, the pyrimidines. 

Summary.—H. influenzae DNA has been irradiated with monochromatic ultra- 
violet light of different wave lengths, and the DNA was assayed for ability to 
transform bacteria to streptomycin resistance. The irradiations were performed 
with the DNA at 85° and at 98°C, temperatures below and above the melting 
temperature of the DNA. The action spectrum at 85°C shows a minimum at 
about 2,320 A, and that at 98°C is at about 2,380 A. The 98°C spectrum is 
considered to be different because the DNA molecules at this temperature are 
disordered. This difference confirms the hypothesis previously advanced by the 
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authors to explain differences in the action spectra of one- and two-stranded bacterio- 
phages. 


The authors are indebted to Roger M. Herriott for advice on handling the transformation sys- 
tem. 
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PURIFICATION OF VALINE TRANSFER RIBONUCLEIC ACID BY 
COMBINED CHROMATOGRAPHIC AND CHEMICAL PROCEDURES* 


By M. L. STEPHENSON AND P. C. ZAMECNIK 


THE JOHN COLLINS WARREN LABORATORIES OF THE HUNTINGTON MEMORIAL HOSPITAL OF HARVARD 
UNIVERSITY AT THE MASSACHUSETTS GENERAL HOSPITAL, BOSTON 


Communicated by Joseph C. Aub, August 2, 1961 


The biological synthesis of proteins poses three distinct questions: first, how 
the energy for condensation of amino acids to form a long peptide chain is funneled 
into this endergonic process; second, how the intricate ordering of amino acids to 
form the sequence characteristic of a protein species is accomplished; and third, 
how the precise folding and cross-linking of a chain or chains of peptides is arranged 
to create biologically active protein molecules. 

A fairly satisfactory answer may now be given to the first question,'~* and 
interest has therefore shifted to the second and third, whose solutions still lie 
ahead. Evidence (cf. refs. 4 and 5) indicates that the ribosome serves as the site 
for sequence arrangement of the amino acids, which may be accomplished by ap- 
propriate hydrogen-bond pairing of bases of the ribonucleic acid of the ribosomes 
with short-chain ribonucleic acids (S-RNA or transfer-RNA molecules)*:’ to 
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which activated amino acids have been esterified. These low-molecular weight 
transfer-RNA molecules thus serve as intermediate carriers of activated amino 
acids, with each amino acid bound to a specific transfer-RNA molecule.*: * The 
amino acid is attached to the terminal adenosyl unit of transfer-RNA"” by ester 
linkage to the 3’ or 2’ hydroxyl group of the ribosyl moiety.!'~'" This viewpoint 
on the sequence arrangement gives heightened interest to the effort to isolate an 
individual transfer-RNA molecule, coded to a particular amino acid by what may be 
regarded as the translation signature of the gene. The present communication 
reports a procedure to isolate individual transfer-RNA molecules. 

Two general types of fractionation methods for transfer-RNA molecules have 
been used: (1) physicochemical separations®: '*~?! employing adsorption-elution 
from chromatographic columns, electrophoresis, selective precipitation, or counter- 
current distribution, and (2) chemical methods??~** depending on covalent combi- 
nation of a large molecule with a particular amino acid bound to the RNA or with the 
oxidized vicinal 2’, 3’-hydroxyl groups of the terminal ribosyl moiety of transfer- 
RNAs to which no amino acid is attached. Complete isolation of a single amino- 
acyl-RNA has not been claimed by either type of procedure. 

The present method combines a physical separation method, using DEAE- 
dextrans (DEAE-Sephadex, Pharmacia, Uppsala, Sweden)?*~?° under specified 
conditions and the chemical dye procedure previously described.24 The calcu- 
lated degree of purification of valyl-RNA approximates 65-80 per cent. Uncer- 
tainty as to the precise degree of purification obtained is related largely to choice 
of the molecular-weight figure used in the calculation. 

Vethods.—Preparation of S-RNA: Soluble: RNA is prepared from intact yeast cells according 
toa slight modification of the procedure of Monier et al.?*-®.3! Instead of treatment with methoxy- 
ethanol to remove polysaccharide material, the RNA (from the first aleohol precipitation) is 
chromatographed on DEAE-cellulose®? prior to treatment with activated charcoal. About 400 
mg of S-RNA are dissolved in 300 ml of 0.1 17 Tris-HCl buffer at pH 7.5 and are chromatographed 
on a 2 X 20 em column of DEAE-cellulose (N,N-diethylaminoethylcellulose, Eastman Organic 
Chemicals). 1,300 ml of 0.1 7 Tris-HCl buffer are run through and discarded, then the RNA 
is eluted with 250 ml of 1.0. NaCl in 0.1 M Tris-HCl buffer, pH 7.5. The RNA solution is 
concentrated by lyophilization, dialyzed, and treated with acid-washed charcoal (Norit A, Fisher 
Scientific Co.) to remove traces of yellow impurities.?4 

Amino acids esterified to the S-RNA are removed by treatment for 30 min at 37°C with 0.1 M 
sodium carbonate adjusted to pH 10, followed by overnight dialysis against distilled water. 
The S-RNA solution is stored at — 20°C until used. 

Preparation of enzyme: In order to label S-RNA with only one amino acid, a partially purified 
enzyme, free of RNA and amino acids, is prepared from veast in the following manner: 50 gm of 
packed yeast cake are homogenized in a Virtis ‘“45’’ homogenizer with 200 gm of acid-washed 
glass beads and 50 ml of ice-cold medium consisting of 0.05 Mf Tris-HCl buffer, pH 7.5, 0.005 M 
MgCl. All procedures are carried out near 0°C. The iced homogenizer is run at top speed for 
two 4-min intervals, with a 3-min interval between runs to prevent the homogenate from warming 
up. The glass beads are rinsed free of the homogenate with an additional 200 ml of medium, 
and the combined homogenate plus washings are centrifuged at 15,000 * g for 15 min. The pH 
of the supernatant, usuallv about 6.8, is adjusted to pH 7.5 with KOH. 

Most of the RNA is precipitated by the dropwise addition of one-tenth volume of 1 M BaCh. 
The enzyme solution, containing 0.1 M BaCh, is allowed to stand at 0°C for 10 min to allow the 
ribonucleoprotein precipitate to form. This fairly large precipitate is removed by centrifugation 
at 15,000 X g for 10min. The optimal amount of BaCl, had been determined for several batches 
of enzyme, and, under the conditions described, a final concentration of 0.1 M BaCl: is sufficient 
to precipitate most of the ribonucleic acid. More concentrated enzyme solutions require a 
greater concentration of BaCl. 
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The small amount of RNA remaining in the 15,000 < g supernatant fraction is precipitated by the 
addition of streptomycin sulfate (Parke-Davis). The dry powder is dissolved in a minimum of 
medium and this concentrated solution of streptomycin sulfate is added dropwise, with constant 
stirring, to the enzyme solution until a final concentration of 20 mg per ml is obtained. After 
10 min at 0°C the mixed precipitate of BaSO, and streptomycin-RNA complex is removed by 
centrifugation at 15,000 x g for 10 min. The supernatant solution is clear pale yellow. 

This solution is concentrated to about one third the volume by lyophilization (from 250 to 85 
ml). When these solutions are frozen and subsequently thawed, very often the pH has dropped 
and a further precipitate has formed. The pH is readjusted to 7.5, and any remaining precipitate 
is removed bv centrifugation. The concentrated enzyme solution is then applied to a cross-linked 
dextran column (Sephadex-G-25, coarse grade) to remove amino acids and other small molecules. 
The protein is in the early effluent from the column, while the amino acids are retarded.*3 A 
5-by-15 em column is used, with 0.01 M Tris-HCl buffer pH 7.5 and 0.001 M MgCl. as the eluting 
fluid. 50 ml of enzyme solution are put on the column along with a marker of free C'*-valine to 
indicate where the free amino acids emerge. Aliquots are plated on flat planchets for counting 
of C'4-valine to locate the amino acids, and other aliquots are taken for determination of protein 
by the colorimetric method of Lowry ef al.*4 All tubes containing protein, free of amino acids, 
are pooled, and the enzyme solution is lyophilized to about one quarter of the volume. The final 
protein concentration is about 6 mg per ml. There is little loss of enzyme activity by freezing, 
as measured by ability to label RNA with C'-valine. Prolonged storage at —20°C or repeated 
freezing and thawing, however, results in some loss of activity. 

Crude yeast enzymes prepared in this way contain valine-activating enzyme and, to a much 
lesser extent, leucine- and tvrosine-activating enzymes. Enzymes for other amino acids have not 
been assayed. 

Preparation of C'*-valyl-RNA: The incubation mixture previously described contains the 
following in 1 ml:24 10 wmoles of adenosine triphosphate (sodium, magnesium salt), 0.5 wmole of 
cytidine triphosphate, 10 wymoles of phosphoenolpyruvate, 10 ug of pyruv..te kinase, yeast enzyme 
solution, 25 wmoles of Tris-HCl buffer at pH 7.5, 2.5 umoles of MgClo, 0.1 umole of C!-L-valine 
(1.75 X 10° cpm/pmole), and about 2 mg of S-RNA containing 1.4 umoles of MgCl. per mg RNA. 
The RNA is added Jast in order to obtain the highest specific activity of valyl-RNA. Incuba- 
tion is for 30 min at 37°C. 

Prior to labeling a large amount of RNA with valine, preliminary experiments are carried out to 
establish the optimal enzyme and RNA concentration, so that the enzyme is in sufficient con- 
centration to catalyse the labeling of RNA to the fullest extent. These small incubations are 
carried out in a total volume of 0.1 or 1.0 ml, and the RNA is isolated for counting according 
either to a membrane filtration technique (Scott, J. F., personal communication) or to a previously 
described procedure.!? Generally 2 mg of RNA and about 1 mg of enzyme protein per ml provide 
optimal labeling of the largest amount of RNA. Higher concentrations of RNA cause an inhibi- 
tion of the reaction. Many yeast enzyme S-RNA Iabeling preparations do not show a require- 
ment for phosphoenolpyruvate, pyruvate kinase, or CTP. 

In large-scale experiments 400 mg or S-RNA are incubated in a total volume of 200 nil of ineu- 
bation mixture, after which the RNA is reisolated from the mixture using a phenol extraction 
procedure.24 About 20 per cent of the RNA is lost during this procedure. The 200 ml of incuba- 
tion mixture is shell-frozen and concentrated by lyophilization to about 70 ml. An equal volume 


of 90 per cent phenol is added, and the mixture is stirred for 15 min at room temperature. Follow- 
ing this, it is centrifuged for 15 min at 15,000 X gin polvethylene tubes. The slightly turbid upper 
layer containing the RNA is removed, and the lower laver is stirred for 10 min with 70 ml of water 
saturated with phenol. The mixture is centrifuged as before and the supernatants are combined. 


One-tenth volume of 2 M potassium acetate at pH 5 plus 2.5 volumes of cold ethanol are added to 
precipitate the RNA. After standing at least 2 hr at —20°C, the precipitate of RNA plus ATP 
is recovered by centrifugation. The precipitate, drained well of alcohol, is dissolved in a minimal 
amount of cold distilled water (about 80 ml), and the solution is dialyzed at 4°C for at least 8 hr 
against several changes of water to free the preparation of ATP and free amino acids. Following 
dialysis, the Aosgo/ Asso ratio of about 2.1 still indicates the presence of small amounts of nucleotide 
material. This is removed by treatment with charcoal, as follows: about 190 m! of the RNA 
solution is stirred for 10 min at 0°C with 1 gm of acid-washed charcoal. The mixture is centri- 
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fuged at 15,000 x g for 15 min and the Aggo/Aeso ratio of the clear, slightly bluish supernatant is 
determined. If the ratio remains over 2, further treatment with charcoal may be necessary. 
Aliquots are plated for counting and the amount of RNA is determined spectrophotometrically, 
using an absorbency index of 21.4em’mg~!. Dr. Jesse F. Scott has calculated absorbency indices 
for yeast S-RNA based on phosphate determinations of the S-RNA. These are 26.2 and 21.4 
cm’mg~! at 260 mp. The former refers to S-RNA dissolved in distilled water, the latter to S-RNA 
dissolved in dilute salt solution, i.e., 0.14 M NaCl, 0.014 M sodium citrate. These values on 
unhydrolyzed S-RNA differ from those obtained by Scott e¢ al.*:* on RNA hydrolyzed in either 
acid or alkali. The preparations of C!'-valyl-RNA used for the fractionations described in this 
paper did not show this difference 6f absorbency in water and salt solution, however, but behaved 
as though salt were present. This behavior is possibly related to previous exposure to Mg*+ 
during the labeling procedure. Tor this reason, the absorbency index of 21.4 is used to calculate 
the concentration of RNA present in all the samples. The solution of C!*-valyl-RNA is stored 
frozen at —20°C. Large batches of S-RNA prepared in this manner usually contain 1,800—2,500 
epm (around 1.1 mumoles of valine) per mg of S-RNA. 

Addition of dye to S-RNA molecules.containing no amino acid: The procedure described by us 
earlier®‘ is used to add dye to the S-RNA molecules containing no amino acid. Briefly, the free 
C2’ and -3’ hydroxy! groups on the terminal ribosyl moiety of the S-RNA molecules containing no 
amino acid are oxidized to the dialdehyde by periodate. A hydrazone is formed by reaction of the 
aldehyde with 2-hydroxy, 3-naphthoic acid hydrazide. This colorless hydrazone is then reacted 
with tetrazotized o-dianisidine, with the formation of a deep blue dye, bound to the RNA. The 
presence of amino acid esterified to the C2’ or -3’ hydroxy] group prevents the periodate oxidation. 
Thus, aminoacyl-RN As present in the mixture do not form dye-bound complexes, and their 
physical properties differ sufficiently from those of the dye-RNA to make partial separation 
possible. 

Chromatography on DEAE-deztran columns: DEAE-dextran gel was prepared in the following 
manner. 50 gm of DEAE-dextran (DEAE-Sephadex-A-25, coarse grade), supplied in the hydro- 
chloride form, are suspended in an excess of water. The fine grains are removed by decantation 
after standing 10 min, with resuspension and repetition of this process about six times. The 
DEAE-dextran is washed onto a Buchner funnel with 1,000 ml of 0.6 N HCl. About 1,000 ml 
of distilled water are washed through the filter, and the DEAE-dextran is suspended in 1,000 ml 
of 0.5 N NaOH for about 10 min at room temperature. The suspension is filtered as before and 
washed with 2,500 ml of water, followed by 1,500 ml of 0.1 N HCl to neutralize the NaOH. The 
gel is washed with 2,000 ml of water and finally with roughly 500 ml of 0.1 M Tris-HCl buffer at 
pH 6.0. The DEAE-dextran gel is stored in suspension in the 0.1 M Tris-HCl bufter at 4°C. 

Favorable conditions for separation of valyl-RNA from the total S-RNA fraction have been 
evolved as a result of experiments with some thirty columns using DEAE-dextran. These 
details are given for the experiments described in Figure 1 and are as follows: Columns (1.2 x 55 
em) are prepared by allowing the DEAE-dextran gel to settle by gravity. Such columns are 
operated at a flow rate of approximately 100 ml per hour. In order to elute the valyl-RNA prior 
to the bulk of the unlabeled or dye-RNA, a very slight linear gradient of NaCl in 0.1 M Tris-HCl 
buffer, pH 6.0 (0.35 to 0.40 M NaCl) is used. After the emergence of the valyl-RNA, the NaCl 
gradient is increased abruptly to 1.0 M NaCl to elute much of the remaining RNA. Most of the 
dye-bound RNA still remains on the column at this salt concentration. 

In each of the experiments shown in Figure 1, the RNA solution (21 mg) v as put on the column 
in 25 ml of 0.1 M Tris-HCl buffer pH 6.0, 0.35 M NaCl. A linear salt gradient was established, 
with 1,000 ml of 0.1 M Tris-HCl buffer pH 6.0 and 0.35 M NaClin the mixer and 1,000 ml of 0.1 M 
Tris-HCl! buffer pH 6.0 and 0.40 M NaCl in the reservoir. The chromatography was carried out 
in a cold room at 4°C and about 7.0 ml fractions were collected. After the above volume of 
elution fluid had passed through the column, the NaCl gradient was increased to elute the remain- 
ing RNA. In the mixer there were 250 ml of 0.1 M Tris-HCl buffer pH 6.0 and 0.4 M NaCl, 
and 250 ml of 0.1 M Tris-HCI buffer pH 6.0 and 1.0 M NaCl were placed in the reservoir, following 
which the collections were continued as before. 883 per cent of RNA and 47 per cent of the RNA 
sample which had been treated with dye were eluted under these conditions. The absorbency at 
260, 280, and 560 my (the last-mentioned for the dye-RNA) was determined on the fractions 
collected. The mg of RNA in each tube were calculated from the Asg using the absorbency index 
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of 21.4 cm’mg~!. Because of the low concentrations of RNA in the fractions eluted very early 
from the columns, there may be as much as 15 per cent error involved in the readings. This type 
of error would decrease with use of larger amounts of RNA for fractionation. 

Aliquots of the RNA were precipitated in 5 per cent trichloroacetic acid and were filtered on 
membrane filters for counting. The amount of RNA filtered ranged from 0.01 to 0.1 mg. A 
Nuclear-Chicago gas flow counter with low background (2 epm) and counting efficiency of ap- 
proximately 35 per cent was used to count the samples. 

Results.—F igure 1-A shows the type of fractionation obtained using RNA 
labeled with C'-valine. Valyl-RNA emerges prior to the bulk of the RNA. 
As indicated by the sharp drop in specific activity in the initial part of the curve, 
however, the valyl-RNA is being diluted by other species of RNA molecules. 
Almost all of the radioactivity from C'-valine appears early in the elution. The 
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Fic. 1.—1 A: Fractionation of Valyl-RNA using DEAE-dextran, 21.25 mg valyl-RNA, 
1,890 epm per mg (1.08 mymoles valine per mg) was chromatographed as described in text. 6.7 
ml aliquots were collected. 

1 B: Fractionation of Valyl-RNA treated with dye (valyl-dye-RNA) using DEAE-dextran. 
21.70 mg valyl-dye-RNA, 1,840 cpm per mg (1.05 mumoles valine per mg) was chromatographed 
as described in text. 7.7 ml aliquots were collected. This dye-RNA had a ratio of Aseo/Aso X 
100 of 6.5. 
cumulative per cent of the total C!*-valine added indicates that when 50 per cent 
of the valyl-RNA is eluted, only 9 per cent of the total RNA has emerged. The 
specific activity is increased from 1,890 cpm per mg in the original mixed sample 
to 35,900 epm per mg in the most highly enriched sample. The amount of RNA 
in the enriched fractions is, however, extremely small. 

An improvement in yield and somewhat in purity of high specific activity valyl- 
RNA is achieved by subjecting the RNA sample to the dye addition procedure 
before application to the column. The dye-bound RNA is more firmly bound to 
the DEAE-dextran than is non-dye-bound RNA, and even at a concentration of 
1.0 M NaCl as eluant, only about 47 per cent is eluted from the column. Thus, 
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by holding back the bulk of the RNA under conditions where valyl-RNA emerges 
early, it is possible to obtain significant amounts of valyl-RNA which are relatively 
free of other RNA molecules. Figure 1-B indicates that several fractions (tubes 
176-186) have the same high specific activity of about 46,500 cpm per mg. The 
specific activity of the valyl-RNA in the following tubes drops rather rapidly, 
indicating contamination with non-labeled RNA. The figure shows that the first 
25 per cent of the valyl-RNA eluted has an average specific activity of over 40,000 
cpm per mg. RNA. Half of the dye-RNA has remained bound to the DEAE- 
dextran, although 83 per cent of the untreated RNA is eluted under similar condi- 
tions (Fig. 1-A). A compilation of these and other details is given in Table 1. 
No material having an absorbence at 560 my (dye-RNA) was eluted until the 
gradient with 1.0 M NaCl was started. From tube 300 on, a small amount of dye- 
RNA emerged (7.6 per cent of the total Aseo), the remainder being retained. Free 
valine is not held on DEAE-dextran and passes through the column immediately, 
several hundred ml prior to the emergence of valyl-RNA. 


TABLE 1 
SUMMARY OF DATA ON FRACTIONATION OF RNA 


C'-Valyl-RNA 
Untreated Treated with dye 


RNA added to columns: 
mg RNA 21.2 / se f 
cpm per mg RNA 1,890 1,840 
Total epm 40 ,300 40 ,000 


RNA recovered from columns: 
mg RNA 17.6 10. 
Per cent recovered 83 47 
Total epm 34,400 34,900 
Per cent recovered 85 87 


RNA of highest specific activity (epm 
per mg) 35,900 46 , 500 


Comparison of specific activities: 
myumoles per mg RNA 
Original mixed sample l 
Highest elution sample 20.5 
Enrichment ( X original) 19 

Per cent purity: 

If molecular weight 25,000 51 66 
If molecular weight 30,000 62 80 

In single experiments, both seryl-RNA and tyrosyl-RNA showed some enrich- 
ment upon fractionation on DEAE-dextran. Valyl-RNA is eluted at a lower salt 
concentration than either of the former and therefore is more readily separated from 
the bulk of the RNA. The peak of seryl-RNA was found to follow closely that 
of the valyl-RNA peak, while tyrosyl-RNA emerged at a somewhat higher salt 
concentration along with the bulk of the RNA. 

The estimation of the purity of the valyl-RNA is dependent upon the choice of 
molecular weight of valyl-RNA, a value not known with precision. The molecular 
weight of the S-RNA family has been variously estimated as between 25,000 and 
30,000, with the former figure being at present more generally accepted.*”~*! 
Added to this uncertainty are the combined errors of counting and of estimation 
of RNA values on small samples of RNA in effluent tubes. Bearing in mind these 
limitations, the following rough calculations may be made. From a starting ma- 
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terial containing 1.05 mumoles of valine per mg RNA, we have obtained an RNA 
containing 26.5 mumoles of valine per mg RNA after fractionation (cf. Table 1). 
If a molecular weight of 25,000 is used, the valyl-RNA would be 66 per cent pure, 
while a molecular weight of 30,000 for the RNA would result in a calculation of 
80 per cent purity. 

In several other experiments, using conditions similar to those outlined in Figure 
1, we have obtained specific activities of valyl-RNA in the same range as those 
given in Figure 1-B. Ina single experiment, the specific activity of several effluent 
tubes reached an estimated 80 per cent of purity, based on a molecular weight of 
25,000. 

In another single experiment, we have employed medium grade DEAE-dextran, 
as furnished by Pharmacia (DEAE-Sephadex-A-25, medium), rather than coarse 
grade for fractionation of RNA first labeled with C'*-valine, then subjected to 
the dye addition procedure. In five contiguous peak tubes, totaling 45 ug of 
RNA, the average specific activity was 63,000 cpm per mg RNA or 36 myumoles of 
valine per mg RNA. This represents a purification in the range of 90 per cent, 
using 25,000 as a molecular weight for the RNA, or close to 100 per cent if the 
molecular weight is in fact somewhat higher. 

In addition to a very critical range of NaCl concentration, the concentration of 
the Tris-HCl buffer plays an important role in the pattern of elution of S-RNA. 
In one experiment, at a low concentration of Tris-HCl buffer (0.005 M), even in 
the presence of 0.5 M NaCl, 85 per cent of S-RNA failed to elute from the column. 
The chloride ion in the buffer undoubtedly contributes a great deal to this effect. 

Cross-linked dextrans alone, without DEAE (Sephadex-G-25 and G-75), do not 
fractionate S-RNA under the conditions used. Both types of dextran, which 
differ only in the degree of cross-linking, fail to retard the passage of the RNA 
molecules, so that virtually all of the RNA emerges immediately. DEAE-cellulose, 
an anion exchanger, does give a three-fold enrichment of valyl-RNA (ef. also refs. 
18 and 20) following elution of the RNA with increasing concentrations of NaCl 
in the presence of 0.1 M Tris-HCl buffer at pH 7.5. 

Discussion.—The use of DEAE-dextran for isolation of valyl-RNA from the 
family of closely related S-RNA molecules provides a surprisingly effective means 
for achieving a separation. Neither DEAE-cellulose nor dextran alone is suffi- 
cient, and the combination is thus a synergistic one. It is interesting to note in 
Figure 1-A that roughly 20 peaks of RNA are eluted in the gradient between 0.35 
and 0.40 M NaCl. Whether or not these peaks represent partial separations of 
amino acid-specific RNA molecules remains to be determined. 

A further improvement is obtained when the DEAE-dextran procedure is com- 
bined with the dye-addition technique. The dye-RNA remains in large measure 
visibly close to the point of addition at the top of the column, while the valyl-RNA 
emerges early during the elution procedure. The effect of systematic. variations 
of pH and salts has not been explored, nor has the use of substituents other than 
DEAE in the body of the dextran polymer. The particle size of the 
DEAE-dextran also plays a role in the elution pattern. In the single experiment 
using DEAE-Sephadex-A-25 medium grade instead of coarse grade, the fractiona- 
tion of valyl-RNA was improved. Using the “fine” grade of this material, we 
have had difficulty maintaining satisfactory flow rates on columns of the dimen- 
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sions mentioned in the Methods section. The rate of flow maintained in the 
column plays a significant role in determining the point of emergence of RNA at 
a given salt concentration and grade of DEAE-dextran. Fractionation of valyl- 
RNA on a less highly cross-linked polymer (DEAE-Sephadex-A-50) was not quite 
so good as with the DEAE-Sephadex-A-25. 

Further improvements in fractionation may also well be possible with more 
effective chemical procedures”: *% prior to use of the DEAE-dextran column. A 
favorable feature of the present fractionation is the stability of the valyl-RNA 
bond under these conditions, an 85 per cent recovery of valyl-RNA being obtained, 
as indicated in Table 1. 

It would be important to ascertain whether the presence of amino acid esterified 
to the RNA influences the rate of migration of this molecule through the column. 
We have not yet answered this question. That not all species of aminoacyl-RNA 
emerge before the bulk of the non—amino acid RNA is already clear from the ex- 
periments with tyrosyl-RNA and seryl-RNA. It is also tempting to consider 
that individual variations in secondary structure of S-RNA molecules as well as 
variations in nucleotide composition may play a large role in the ability of the 
column to separate them. This situation has a parallel in the separability of 
proteins on the basis of properties conferred on them by the individuality of their 
space-filling configurations and total net charges rather than as a sole consequenee 
of their amino acid composition in the extended peptide chain. 

Summary.—The combined use of a dye-addition method followed by DEAE- 
dextran column chromatography has been employed in an effort to isolate valyl- 
RNA, and a purification of the order of 65-80 per cent has been obtained. Fur- 
ther improvements in technique seem possible and a single experiment has given a 
purification in the vicinity of 90 per cent. 

The authors wish to express thanks to Jesse F. Scott for helpful discussions and advice, to Robert 
B. Loftfield for generous supplies of C'-amino acids, and to Martha Morton for fine technical 
assistance. 
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THE OPTICAL ROTATORY DISPERSION OF RIGHT-HANDED a-HELICES 
IN SPERM WHALE MYOGLOBIN* 


By Peter J. Urnes, K. IMAnori,t AND Pau Dory 
DEPARTMENT OF CHEMISTRY, HARVARD UNIVERSITY 


Communicated August 24, 1961 


Optical rotatory dispersion studies indicate that most synthetic polypeptides 
known to be helical in solution have an identical screw sense. In terms of the 
dispersion properties of these substances, this method moreover provides evidence 
thatymany proteins contain helical regions of varying extent characterized by the 
same handedness.'! Although several lines of argument imply that this prevailing 
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sense is right-handed, the existence of right-handed helical segments in crystalline 
sperm whale myoglobin, as unequivocally demonstrated by Kendrew,? offers a 
clear test of this conclusion. In addition to resolving the issue of helical sense, the 
rotatory dispersion of this globular protein can elucidate a second fundamental 
problem by virtue of the capacity of the technique to assess partial helical content. 
If it can show that the helical content of the crystal, which X-ray diffraction reveals 
to be 77 per cent,* persists upon dissolving, then one will gain a convincing argument 
for the relevance of the crystalline structure of myoglobin to its biochemical func- 
tion in solution. 

The majority of helical synthetic polypeptides display complex rotatory dis- 


persion characterized by negative bo values that cluster about —630 when data are 


treated by the procedure of Moffitt and Yang‘ and, further, exhibit a progressive 
levorotation as the far ultraviolet spectrum is approached. It is axiomatic that 
helices of opposite sense will manifest diametrically opposed rotatory properties, a 
principle that has been given substance in the positive bp values and ultraviolet 
rotations of poly-8-benzyl-L-aspartate® * and poly-y-benzyl-D-glutamate,’? both 
of which have helical senses opposite to standard polypeptides. Which helical 
sense, then, right- or left-handed, gives rise to the standard rotatory dispersion? 

Theories of the rotatory dispersion of helices have thus far been unable to answer 
this question. Although the right-handed postulate of Moffitt’ generates a negative 
bo of the correct magnitude, the critique of Moffitt, Fitts, and Kirkwood? points to 
the omission of critical interactions in this exciton treatment that vitiates quanti- 
tative prediction. Fittsand Kirkwood"! adduce experimental evidence in support 
of their right-handed assumption, but Tinoco and Woody,' who apply the same 
polarizability theory of Kirkwood" to this problem, conclude that observed rotatory 
dispersions favor left-handed helices. 

The first empirical correlation of optical rotatory dispersion with helical sense 
proceeded from the conclusion of Elliott and Malcolm™: '* that poly-L-alanine 
crystals contain right-handed helices. On the assumptions of hexagonal packing and 
a random arrangement of chain direction, they found that right-handed a-helices 
made sense of the puzzling X-ray diffraction pattern while left-handed helices did 
not. Since all optical rotatory measurements on helical poly-L-alanine, both in 
the solid state’ and in solution,’ yield by values that range from —425 to 
— 560, this interpretation of X-ray evidence implies that negative bo values sig- 
nify right-handed helices. 

A more definitive test of this contention became possible upon Kendrew’s 
demonstration that crystalline sperm whale myoglobin contains 118 of its 153 
residues, that is, 77 per cent, in right-handed a-helices.2»* The side chains of 
L-amino acids in a right-handed helix project in a direction opposite to that of car- 
bony] groups hydrogen-bonded into the helix, an orientation that is in fact discerned 
at high resolution, so that this finding, together with a knowledge of the absolute 
configuration of an L-amino acid,!* establishes that the a-helices in this protein erys- 
tal are right-handed. 

Unfortunately, myoglobin in solution does not readily permit optical rotatory 
assessment of its conformation because the heme group itself dominates the dis- 
persion over most of the visible spectrum. Early studies on both myoglobin 
and hemoglobin*! in fact showed that Cotton effects were associated with the char- 
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Fic. 1.—Ultraviolet rotatory dispersions of sperm whale myoglobin and a 5 per cent 
copolymer of L-tyrosine with L-glutamic acid (PTGA). Myoglobin in 0.1 WM phosphate 
buffer, pH 7, e—e; in 8 M urea, O—O. PTGA in 0.1 M phosphate buffer, pH 4, 


4—a; pH7, A—A. 


acteristic absorption bands of this group, a finding which suggested that its asym- 
metric environment endows it with strong rotatory power. At a time before the 
helical sense in the crystal was known, an initial attempt was accordingly made to 
determine the helical content of myoglobin by dispersion measurements at wave- 
lengths higher than the heme absorption bands. Although the rotatory dispersion 
above 650 my was found still to be influenced by the adjacent Cotton effect and 
therefore could not be used to determine bo, it led to a useful estimate of helical 
content based upon the specific rotation, [a|p. This value for the native protein 
was obtained by extrapolation to 589 mu of the rotation at 750 mu, +3°, on the 
ground that all helical polypeptides display almost flat dispersions in this region. 
A specific rotation typical of the disordered chain of myoglobin, —71°, was pro- 
vided by direct measurement upon denatured globin, the heme-free derivative of 
myoglobin. Since complete helical content in water-soluble synthetic polypeptides 
is characterized by a specific rotation at 589 my of about 100° more positive than 
that for the disordered form,?? the observations for myoglobin placed on this scale 
produced an estimate of 74 per cent helix. While this value almost coincides with 
the subsequent precise count of Kendrew, it clearly has only an approximate sig- 


nificance. 
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Fic. 2.—Moffitt plots for rotatory dispersions of a 5% copolymer of L-tyro- 
sine with L-glutamie acid (PTGA), 240-700 mu, at two values of Xy». PTGA in 
0.1 M phosphate buffer, pH 4: Ao = 212 mu, A—aA; A = 216 mu, e—e. 
PTGA in 0.1 M phosphate buffer, pH 7: Ay = 212 mu, A—A; A» = 216 mu, 
O—-O. 


In the hope that removal of the heme group might leave the secondary structure 
of the protein reasonably intact, rotatory dispersion measurements were then 
carried out on the transparent globin in the visible and near ultraviolet spectrum. 
Dispersion data upon globin-M in aqueous solution yield bo values that are com- 


patible with a partial helical content of about 50 per cent, ** 74 an estimate which 


sets a minimum for the native protein. As judged from bo, the helical content may be 
increased to 80 per cent in 2-chloroethanol, a value that perhaps cannot be exceeded 
in view of the four proline residues in the polypeptide chain. Since this solvent 
raises the specific rotation at 589 mu from — 15° to +15°, and since the extrapolated 
specific rotation of myoglobin is +3°, it could thus be argued that the 
native protein has a helical content intermediate between these estimates and 
should indeed display a negative bo. Nonetheless, unambiguous rotatory dispersion 
measurements on the native protein itself would carry greater conviction that a 
negative bo is the correlate of a right-handed helix. 

Rotatory dispersion measurements on a crystalline sample of sperm whale ferri- 
myoglobin,” in 0.1 M phosphate buffer at pH 7, have more recently been made on 
the ultraviolet side of the visible absorption bands and the attendant Cotton effects, 
from 240 to 360 mu, a region in which the peptide bond chromophores govern the 
dispersion. Measurements were obtained with a Rudolph 2008S photoelectric 
polarimeter equipped with a General Electric AH-6 mercury are. The solutions 
had maximum absorbance less than 2 at all wavelengths in order to avoid stray 
light effects that produce rotatory artifacts in regions of high absorption.*® A com- 
parison of the ultraviolet rotatory dispersion of native myoglobin with that for 
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Fic. 3.—Moffitt plots for rotatory dispersions of sperm whale myoglobin, 
240-360, 589, and 675 my, with X%» = 216 my. Native protein in 0.1 M 
phosphate buffer, pH 7, e—e. Protein denatured in 8 M urea, O—O. 


a standard helical polypeptide of high molecular weight, a 5 per cent copolymer of 
L-tyrosine and L-glutamic acid at pH 4, clearly shows that the optical rotations of 


both are sharply levorotatory below 260 mu, while the respective disordered forms 
are distinctly less levorotatory (Fig. 1). Since the dispersion for both native myo- 
globin and the helical polypeptide have bo values that are large and negative, these 
findings establish the qualitative point that both molecules in solution possess 
helices of the same sense. 

As a quantitative index of partial helical content, bo for the native protein at 
first indicated a value of more than 90 per cent. However, the conventional 
treatment of these low wavelength data was brought into question by the negative 
curvature of the Moffitt plot in this spectral region for copoly-L-tyrosyl-L-glutamic 
acid in this same solvent, 0.1 7 phosphate buffer (Fig. 2). A slope drawn for the 
helical dispersion of this polymer through low wavelength points alone would 
hence be considerably more negative than that fitting visible and near ultraviolet 
data, which gives a bo value of —615. As shown in Figure 2, the Moffitt plot for 
this reference polypeptide may be straightened by increasing A» from 212 to 216 
mu, an alteration that changes bo from —615 to —535.% Once the myoglobin 
data were recast with \y» = 216 my (Fig. 3) and bb) = — 535 taken as a new scale 
for full helical content, a value of about 73 per cent helix was obtained from a bo of 
—390. This value receives support from far ultraviolet spectra of myoglobin, which 
indicate a helical content of 70 per cent or greater in terms of the characteristic 
hypochromism of the peptide bond at 190 mu.*: 7° It is of interest to note in 
passing that bp for myoglobin denatured in 8 / urea, as well as the small downward 
curvature of the dispersion at low wavelength (lig. 1), suggest a residual helical con- 
tent of about 10 per cent, a feature that does not change upon heating in this solvent.” 
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The quantitative agreement of helical content from rotatory dispersion with hel- 
ical content in the crystal is good evidence that the secondary structure of this pro- 
tein, consisting of right-handed a-helices, persists in solution. Thus, save for the 
unlikely contingency that myoglobin opens and then refolds into helices of opposite 
sense upon entering solution, the correlation of right-handed helices with a negative 
by and its associated parameters is virtually certain. 

If the secondary structure of crystalline myoglobin persists in solution, then it is 
likely that the tertiary structure of this globular protein is likewise maintained as 
the crystal dissolves, for any loosening of the compact tertiary structure would 
most probably be reflected in some loss of helical content, as appears to be the case 
for its heme-free derivative. The concordance of optical rotatory dispersion with 
the known helical content in the crystal thus offers an answer to the second important 
question: to what extent are structural determinations by X-ray crystallography 
and companion studies of amino acid sequence relevant to the functioning of 


proteins in solution? Since these results suggest that the intricate architecture 


revealed in Kendrew’s crystallographic model*: * is largely preserved in solution, 
one can now undertake to explain the biological activity of myoglobin in terms of a 
complete molecular structure. 

Vote added in proof: 8. Beychok and E. R. Blout (J. Mol. Biol., in press) have also measured 
the ultraviolet rotatory dispersion of sperm whale ferrimyoglobin. 

* This investigation was supported by the Office of Naval Research (N5 ori-07654) and the 
National Science Foundation (G-17556). 

+ Present address: Department of Chemistry, University of Tokyo, Komaba, Meguroku, 
Tokyo, Japan. 
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There are many levels at which the process of differentiation may be considered. 
One particularly useful approach is based upon the premise that among the first 
steps in differentiation is the formation of a specialized enzymatic apparatus, which 
in turn produces the observable morphological and functional specialization of the 
various cell types. The factors which determine the particular stages at which 
individual enzymes are synthesized during the development of each class of cells 
would then play key roles in determining their ultimate differentiation. The 
experiments to be described demonstrate that in the case of the enzyme 6-glucuroni- 
dase, the timing of enzyme synthesis during the development of the mouse is under 
the genetic control of a factor which is either closely linked to, or identical with, 
the locus controlling the structure of the enzyme itself. 

The mutation affecting 6-glucuronidase was originally described by Morrow, 
Greenspan, and Carroll! in several inbred mouse lines, and analyzed genetically by 


Law etal.? It behaves as a simple Mendelian factor, characterized in the homozy- 
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gous state by a considerably decreased concentration of the enzyme in all tissues. 
Subsequent studies from this laboratory have demonstrated that mutant stocks 
produce an enzyme protein with different physical properties and that the genetic 
factor responsible for determining the structure of the protein also regulates the 
intracellular location of the enzyme in liver.* 

A preliminary report of this work has appeared.‘ 

Materials and Methods.—Animals: C3H/Ha mice were used as homozygous 
recessives (gg) and DBA/2 as homozygous dominants (G@). To obtain offspring 
of known ages, pregnant females were kept in individual cages and examined daily 
for litters. 

Enzyme measurements: Following sacrifice, the entire liver, brain, spleen, thymus, 
and kidneys of each animal were removed, weighed, and each tissue has homogenized 
in an appropriate volume of water in a Potter-Elvehjem type apparatus. Aliquots 
were removed for enzyme assay by the procedure previously described.* Each 
sample was assayed in duplicate at two levels of activity. One unit of enzyme is 
that amount which forms | microgram of phenolphthalein per hour at 56°C with 
phenolphthalein glucuronide as the substrate. Within experimental error, enzyme 
activity was proportional to tissue concentration in all samples. No activators or 
inhibitors of the enzyme have been detected in either strain of mice.* 

Experimental design: To reduce any bias in the results which might arise from 
differences between various litters, a randomizing procedure was employed. In 
the experiments on enzyme content as a function of age in gg and GG mice, 5-6 
animals were used at each age examined. Each group was derived from at least 3 
different litters, and each litter was used to supply animals for as many time points 


as possible; a total of 23 liters was used to supply animals for 15 time points. For 
the experiment on the enzyme content of the progeny of the cross of (gg X GG) X 
gg, each litter was sampled at as many ages as possible. Three independent series 
of crosses were made at different times. They involved a total of 19 litters and 86 


mice. 

Results.—Liver: Figure 1 describes the growth curve of the liver itself and the 
increase in 6-glucuronidase activity in gg and GG animals. There was no significant 
difference in the growth of the liver in the two strains; both showed an exponential 
increase in liver mass throughout the growth period with a reduction in slope on 
approximately the 18thday. The curves describing the increase in enzyme activity, 
however, were quite different in the two strains. In GG animals the enzyme was 
present at a relatively high concentration at the earliest times and accumulated in 
proportion to liver mass throughout post-natal development. Asa result there was 
no significant change in the concentration of the enzyme in the liver during this 
period. Animals homozygous for the recessive allele (gg) started with an inter- 
mediate enzyme level and were able to accumulate enzyme at the normal rate only 
up to the llth day. At that point the increase became progressively slower until 
after the 17th day no further enzyme accumulated. Since the liver continued to 
grow, there was a steady fall in the concentration of the enzyme until the adult 
value was reached. 

The decreased enzyme content of the adult mutant liver is therefore a resultant of 
two effects. There is present in the mutants a somewhat lowered level of 6- 
glucuronidase activity at the earliest stage of development tested, which is then 
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Fic. 1.—The log of liver wet weight (A--a), total enzyme activity (G--—-™), and enzyme 
specific activity (O—@) plotted as a function of age. Open symbols are values for DBA; 
closed symbols are values for C3H. The vertical bars indicate plus and minus one stand- 
ard error. Where no bar is shown the standard error was less than the size of the symbol. 
In this figure, 1 arbitrary unit plotted is equivalent to 100 mg wet weight, 100 enzyme 
units, and a specific activity of 0.10 enzyme units/mg wet weight. 


accentuated by the failure of the mutants to accumulate enzyme during a subsequent 
stage in development at which the wild type continues to produce it. It is clear 
that the mutant stock has followed a different path of liver differentiation with re- 
spect to this enzyme. 

(fenetics: The question thus arises as to whether the differences observed in the 
timing of enzyme formation between the gg and GG strains were in fact determined 
by the various alleles present at the glucuronidase locus or whether other genetic 
factors coincidentally different in the two stocks were responsible. For this reason 
female heterozygotes obtained from gg (C3H/Ha) X GG (DBA/2) crosses were 
nated to gg males and the litters collected. The progeny were sacrificed at random 
over a period of 45 days without prior knowledge of whether they were gg or Gq. 
If the timing effect were controlled by a single factor present on the same chromosome 
as the G gene, we would expect to find two populations of mice in approximately 
equal numbers; those which have an initially low content of the enzyme and cease 
to accumulate the enzyme after the 17th day, and those which have an initially 
high enzyme level and continue to produce the enzyme throughout growth. If 
other genetic factors were involved, there should also be equal numbers of animals 
which start low and continue to synthesize the enzyme, or start high and stop after 
the 17th day. In Figure 2, the results of this experiment are presented. Total 
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GLUCURONIDASE PER LIVER 


DAYS OF AGE 


Fig. 2.—The total enzyme activity of the livers of mice sacrificed at various ages. The 
population was the offspring of matings of (gg X G@) X gg, ie. (C3H/Ha X DBA/2) X 
C3H/Ha. Three series of such matings were made and are indicated by A, O, and 6, re- 
spectively. The ordinate is expressed in enzyme units per total liver. 

liver enzyme content is plotted as a function of the age at which each animal was 
sacrificed. It is obvious that no animals of intermediate type occurred, indicating 
that the genetic factor controlling the timing of enzyme synthesis is on the same 
chromosome as that determining which type of enzyme is produced. Further, since 
animals of intermediate type would also have arisen if crossing over had occurred 
between the loci controlling enzyme structure and the timing of synthesis, it may 
be inferred that the two loci are either very closely linked or identical. 

Other tissues: Since the G region of the chromosome appeared to determine not 
only the structure of the enzyme protein but also its pattern of differentiation in 
the liver, it was pertinent to examine whether analogous differences occurred be- 
tween mutant and wild type animals in the patterns of enzyme formation in other 
tissues. 

In considering the results of these experiments it should first be noted that the 
time patterns of enzyme accumulation and concentration in the various tissues are 
often complex. They presumably reflect relative changes in the populations of the 
various cell types present as well as changes in‘enzyme concentration within a differen- 
tiating cell type. The important feature of the present experiments is the ques- 
tion of whether, for a given tissue, this time pattern is parallel in mutant and wild 
type stocks, or whether, as in the case of liver, there occur abrupt changes in the 
relative rates of enzyme accumulation in the two stocks. 

A summary of the experimental results obtained with four additional organs, 
brain, kidney, thymus and spleen, as well as liver, is presented in Figure 3. The 
detailed data for the individual organs are presented in Figures 4-7. The most 
remarkable feature of these experiments is the finding that each organ is quite 
unique in its response with respect both to whether timing differences occur at all 
and, if so, at what stage of development the effects are manifested. 
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RELATIVE SPECIFIC ACTIVITY C,H/DBA 
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Fic. 3.—The log of the relative specific activity of C3H organs as compared with those 

of DBA plotted as a function of age. 

The spleen, which has approximately the same enzyme concentration as the liver 
at birth, continues to produce the enzyme throughout development in both wild 
type and mutant stocks. Asa result, the concentration of enzyme im the spleens of 
either mutant or wild type animals does not change appreciably during an increase 
of some twentyfold in organ weight. The thymus represents a situation inter- 
mediate between that of spleen and liver. Although enzyme accumulates in this 
organ throughout growth in both gg and GG animals, an enzyme deficiency in the 
mutants relative to the wild type sets in early and appears to be primarily the 
result of a consistently lower rate of enzyme production in the mutants. In the 
brain and kidney the time at which the mutants begin to deviate from the wild 
type growth pattern is again different. In the former a relative decline in the 
concentration of the enzyme in the mutants sets in quite early, perhaps pre-natally, 
whereas in the kidney it does not appear until about the 17th day after birth. (The 
very rapid rise in kidney activity which sets in during the 5th week is almost certainly 
a response to the increasing androgen levels which accompany sexual maturation. 
Such responses have been clearly demonstrated in the adult.°) 

We may conclude therefore that, compared with the corresponding wild type 
tissue, the ability of a particular tissue in the mutant to accumulate the enzyme 
may decline abruptly during development, and that the time at which these changes 
in the relative capacity of the mutant and wild type occur is unique to each organ. 

Enzyme stability: The evidence presented does not distinguish whether the 
changes in the rate of enzyme accumulation represent changes in the rate of pro- 
duction or destruction of the enzyme, although the former appears more probable. 
Experimentally there was no indication that the mutant enzyme is more sensitive 
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Fic. 4.—The log of spleen weight, en- Fic. 5.—The log of thymus weight, 
zyme activity, and specific activity plotted enzyme activity, and specific activity 
as a function of age. The symbols are as plotted as a function of age. The symbols 
in Figure 1. In this figure, | arbitrary unit are as in Figure 1. In this figure, 1 arbi- 
plotted is equivalent to 1.0 mg wet weight; trary unit plotted is equivalent to 0.10 mg 
1.0 enzyme unit and a specific activity of wet weight; 1.0 enzyme unit; 0.10 en- 
1.0 enzyme unit/mg wet weight. zyme unit /mg wet weight. 


to inactivation by crude tissue extracts. The enzyme activity of either wild type 
or mutant homogenates or their mixture remained constant during several hours of 
incubation at physiological pH’s. 

Discussion.—We may conclude that the G region exerts a control on the dif- 
ferentiation of tissues with respect to 6-glucuronidase as well as determining the 
structure of the enzyme and its intracellular location. It is clear that for a given 
tissue the concentration of the enzyme is dependent upon the stage of development 
and that this pattern of change can be altered as a result of a mutation in the G 
region. 

There would appear to be three general mechanisms which could produce a 
change in the rate of accumulation of an enzyme at some given time in a developing 
tissue. It is quite possible that any or all of these are normally operative at various 
times in various tissues in producing the particular developmental patterns ob- 
served. We wish to consider, however, which may be involved in the particular 
changes which arise as a result of mutation in the G region. 

The first mechanism would involve a difference between wild type and mutant 
animals in whether or not a general physiological stimulus (such as a change in a 
humoral factor) is present. This does not appear to be a likely explanation for the 
genetically determined differences in the timing of 6-glucuronidase accumulation 
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Fic. 6.—The log of brain weight, en- Fig. 7.—The log of kidney weight, en- 
zyme activity, and specific activity plotted zyme activity, and specific activity plotted 
as a function of age. The symbols are as as a function of age. The symbols are as 
in Figure 1. In this figure, | arbitrary unit in Figure 1. In this figure, 1 arbitrary 
plotted is equivalent to 0.10 mg_ wet unit plotted is equivalent to 1.0 mg wet 
weight; 10.0 enzyme units; 0.01 enzyme weight; 10.0 enzyme units; 0.10 enzyme 
unit /mg wet weight. unit/mg wet weight. 


since, in order to explain the results of the genetic linkage test, we should have to 
further postulate that both the physiological stimulus and the enzyme were con- 
trolled by the same chromosomal region. This, considered together with the 


span of time over which the various tissues show the effect, suggests that the critical 
changes responsible for the genetically determined differences occur in each organ 
separately during development, and we do not appear to be dealing with the response 
of constantly sensitive tissues to a change in an external stimulus which differs in 


the two genetic types. It does not mean that no external factors play a role in 
regulating enzyme accumulation, only that the genetically controlled change 
occurs within the cells themselves. 

A second possible mechanism is the intracellular regulation of enzyme synthesis 
by a feedback system effected through the tissue concentration of the substrates or 
products of enzyme activity. This also does not appear to be a likely explanation of 
the origin of the difference between mutant and wild type. The fact that it is the 
mutants with less activity, rather than the wild type with more, which show a 
relative decline in the ability to accumulate enzyme argues against negative feed- 
back. Further, among the various tissues there is no correlation between enzyme 
content and the time of onset or severity of the genetically determined difference; 
in particular, of the two tissues which have nearly identical enzyme contents for the 





1648 GENETICS: K. PAIGEN Proc, N. A. 8. 


first 10 days of life, one, liver shows the difference most clearly and the other, spleen, 
not at all. The latter facts are difficult to reconcile with a mechanism involving 
either negative or positive feedback in response to the activity of the enzyme itself. 

The possibility that the mutant and wild type stocks differ in the time of ap- 
pearance of some inducer or repressor not regulated by §-glucuronidase activity 
appears remote. In order to fit such a mechanism with the existent evidence, 
we should have to postulate that this difference involves an unknown enzyme which 
is determined by a gene close to glucuronidase, and that mutation at the unknown 
locus has occurred in those stocks carrying the gallele.6 Moreover, logically such a 
postulate would only succeed in forcing an explanation of a timing difference at an 
unknown locus rather than at the glucuronidase locus itself. 

We are therefore left with the third possible mechanism as the most plausible; 
namely, that the difference between the mutant and wild type stocks is an intrinsic 
difference in the ability of the two alleles to promote the synthesis of 8-glucuronidase, 
and that this difference arises at a characteristic time in each tissue. We can 
imagine two ways in which this could occur, both of which are compatible with 
the available evidence. One would require that the two alleles respond differentially 
to the occurrence of a somatic genetic event in the nucleus itself, an event which 
occurs at a rather characteristic and reproducible time in each tissue. The other 
possibility would require that in each tissue a normal inducer or repressor would 
appear at a characteristic time in both wild and mutant types, but that the alleles 
would differ in their response to this controlling factor. 

At first glance it may appear that the latter possibility is similar to the second 
mechanism which was discussed and rejected. Such, however, is not the case. 
The critical point is whether the mutant and wild type differ in the time of ap- 
pearance of a stimulus to which both alleles are sensitive, or whether the two alleles 
differ in their response to a stimulus which appears at the same time in both mu- 
tant and wild type stocks. The latter condition is the one which apparently fits 
the present situation. 

There is now considerable cytogenetic evidence that allelic differences in the 
timing of gene expression may exist. Callan and Lloyd’ have described experi- 
ments which suggest that puffing may occur for one but not another allele present 
at a locus, and McClintock*~" has demonstrated that a class of genetic ‘‘controlling 
elements” exists which determine the timing during development at which other 
genetic events occur. At the functional level the work of Clever and Karlson?! 
has demonstrated that puffing can be hormonally induced and it is now apparent 
from bacterial systems that mutations affecting the sensitivity of a locus to the 
action of inducers or repressors are possible.!?~!4 

The primary significance of the present experiments lies in the demonstration 
that the timing of enzyme accumulation can be under genetic control, which in the 
present case is exerted by the same chromosomal region that determines the struc- 
ture of the enzyme. Thus far the data indicate that the control operates through a 
change during differentiation in the relative activity of the two alleles of glucuroni- 
dase in promoting the accumulation of the enzyme. In this regard it is of some inter- 
est to point out that the glucuronidase locus is closely linked to the gene deter- 
mining retinal degeneration which also shows strong timing elements in its expres- 
sion, quite analogous to those demonstrated by its neighboring gene.” In relation 
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to the general problem of differentiation the most attractive hypothesis is that 
three factors can interact during development: the locus which determines the 
structure of the enzyme, the diffusible specific inducers and repressors of enzyme 


’ 


synthesis, and the “controlling elements” which might act to determine when 
during development the structural genes become sensitive to the local diffusible 
factors. 

Summary.—Mice of a normal strain and of a strain homozygous for a mutation 
affecting the enzyme 6-glucuronidase show a different time course of accumulation 
of 8-glucuronidase in the liver during development. Linkage studies have shown 
that the pattern of synthesis is in fact controlled by a gene either closely linked or 
identical with the locus determining the structure of the enzyme. Analogous 
effects, wherein the timing of enzyme accumulation differed in normal and mutant 
animals, were also observed in other tissues. However, in each case the time at 


which these differences arise is unique. The presently available evidence argues 


against either a general physiological stimulus or a feedback mechanism as the 
determinant factor in these effects. The difference appears to result from a real 
difference in the responsiveness of the normal and wild type alleles of glucuronidase 
to some stimulus, either genetic or environmental which normally regulates enzyme 
production. 


The author is indebted to Francis D. Pacholec, Edward T. Sheehan, and Robert W. Schultz 
for their considerable assistance with the experiments reported. 
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SYSTEMS OF DIFFERENTIAL EQUATIONS WITHOUT LINEAR TERMS* 
By CourTNEY COLEMAN 
HARVEY MUDD COLLEGE 
Communicated by S. Lefschetz, August 28, 1961 
Consider the systems, 
dx/dt = f(x) + g(2,b) 
dx/dt = f(x), 


where: (a) xis an n-vector; (b) f(x) is homogeneous of positive degree k; (c) f(x) 
and g(x,t) are continuously differentiable in x and in ¢ for all x in a region D con- 
taining the origin and for all £; (d) g(2,t) = o(| |x| ‘*) in Duniformly in ¢. If k = 1, 
then f(x) = Ax for some constant matrix A. In this case, there are a number of 
well-known theorems! whose hypotheses contain various assumptions about the 
characteristic roots of A. In particular, there is the theorem of Lyapunov. 

THEOREM (Lyapunov). Jf the characteristic roots of A have negative real parts, 
then the trivial solution, « = 0, of (1) is asymptotically stable. 

In this note, we shall indicate how the hypotheses about the characteristic roots 
can be extended in a natural way to the case that k 2 1. Lyapunov’s theorem can 
then be generalized (see below). It seems likely that the generalized hypotheses 
used here can also be used in extending many of the classical theorems to the case 
where the system of first approximation (2) is no longer linear. 

2. First, new variables are introduced. Let u = |||, where | |.r|| represents the 
Euclidean norm of x, and let y = u~'x. Fork 2 1, | x|| > 0, system (2) becomes 


(a) dy/dr = f(y) — (yf(y))y, 


(b) du/dr = (y,fly))u, (3) 
where (y,f(y)) is the scalar product of y and f(y) and dr = u*~'d!. System (3) is 


to be considered for u = 0 even though the change of variables is undefined for 
u=0. Each solution, y = y(7,0,y°), where y° = y(0,0,y°), of (8a) determines a 


one-parameter family of solutions of (3b), u = uo exp f (y(4,0,y°), f(y(t,0,y°)))dt = 


0 


u(7,0,y°,u0), Where up is the parameter. It is always assumed that uw 2 O and, 
hence, that u(r7,0,y°,uo) = 0 for all vr. If ue and 7 are given, then y = y(7,0,y°), 
u = u(r7,0,y°,uo) is the solution of (3) for which y° = ¥(0,0,y°), wo = u(0,0,y°, uo). 

Note that u = 0 defines an integral surface J in the y,u-space. 

Definition 1: If y° belongs to the positive limit set of some solution of (8a), then 
y = y(7,0,y°), uw = u(z7,0,7°,uo) is called a limit solution of (3). 

Definition 2: The radial type number, A(y°), of a solution, 


y = y(7,0,y°), uw = u(r,0,y°, U0) (uw > 0) 


of (3) is the number lim 7! In u(7,0,y°, Wo). 


Note that A(y°) is independent of uo,u% > 0, that (y°) may be infinite, and that 
A(y®) = Ay’) if y! = y(,0,y°) for some 7;. An equivalent definition of A(y°) is 
as follows. 
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Definition 3: dy) = —sup jd‘: u(r,0,u0,y°) exp \’ 7 is bounded for all r, 
0s 7r<+o}. 
Type numbers (or their negatives, Lyapunov numbers) are usually defined some- 


what more generally than this,’ but only the radial type numbers defined above are 
needed here. Now, any hypothesis concerning the real parts of the characteristic 
roots of A when k = 1 can be formulated in terms of the radial type numbers of the 
limit solutions when k 2 1. For it can be shown that when k = 1, the set of radial 
type numbers of the limit solutions of (3) is precisely the set of real parts of the 
characteristic roots of A. In particular, Lyapunov’s theorem can be generalized. 

TuHeoreM. If k 2 1 and if the radial type number of every limit solution of (8) 
is negative, then the trivial solution, x = 0, of (1) is asymptotically stable. 

The proof consists of showing that the hypothesis implies that the radial type 
number of every solution of (3) is negative and that this in turn implies that the 
trivial solution of (2) is asymptotically stable. A theorem of Zubov® is used to 
prove this latter assertion. Finally, it is a theorem of Massera‘ that if the trivial 
solution of (2) is asymptotically stable, so is the trivial solution of (1). 

3. The results of an earlier paper’ and some remarks made by 8. Lefschetz were 
the stimuli for what has been presented here. It should be noted that the main 
theorem of reference (5) is a special case of the theorem stated above. 

* This research was supported in part by the National Science Foundation under contract 
number NSF G 12932. 
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ON 2-SPHERES 1N 4-MANIFOLDS 
By Micueu A. KERVAIRE AND JOHN W. MILNOR 


INSTITUTE OF MATHEMATICAL SCIENCES, NEW YORK UNIVERSITY, AND DEPARTMENT OF MATHEMATICS, 
PRINCETON UNIVERSITY 


Communicated by N. E. Steenrod, August 23, 1961 


Let M2" be a simply connected differentiable manifold, and let g&ex,(1/*") be 
a given homotopy class of maps S" > M2". It is known that if n > 2, the class é 
can be represented by a differentiable imbedding f: S" ~ M*". This follows 
from a reasoning similar to the one used by H. Whitney® to prove that every 
differentiable n-manifold can be differentiably imbedded in Euclidean 2n-space. 
(Compare Milnor,’ Lemma 6.) It is also included in a more general theorem of 
A. Haefliger.* Both arguments, however, break down for n = 2. This leads 
to the following question: 

Let M* be a simply connected differentiable manifold. Is every element 
of m(M*) representable by a differentiably imbedded sphere? 
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In 1951, Rohlin? announced the erroneous result that the stable 3-stem 7,,43(8"), 
n > 5, was cyclic of order 12. (This result was corrected in a subsequent paper.®) 
It was pointed out to us by Rohlin that the only mistake in reference 7 was to take 
for granted an affirmative answer to the above problem. Indeed, a specific counter- 
example can be extracted from Rohlin’s paper, using the fact that 2,43(S8") = Zo 
for:n >. 

In the following, we present a generalized version of Rohlin’s counter-example 
and also study the corresponding combinatorial problem. 

Let M be a 4-dimensional closed connected, oriented, differentiable manifold. 
The signature o(M) of M is defined to be the signature of the symmetric bilinear 
form 


HM; Q) ® HM; Q)>Q 


determined by the intersection number. We will say that an integral homology 
class § «e H2(M; Z) is dual to the Stiefel-Whitney class we(/) if the natural homo- 


morphisms 
H.(M; Z) ~ HM; Z.) = HM; Z2) 


(reduction mod 2 followed by Poincaré duality) carry ~ into w2(M). 

THEOREM 1. Let & ¢€ H2(M; Z) be dual to the Stiefel-Whitney class w(M). If 
t is represented by a differentiably imbedded 2-sphere in M, then the self-intersection 
number &-— must be congruent* to o(M) modulo 16. 

Two examples will illustrate this theorem. First let M be the product S?  S? 
and let a, 6 « H.(S? * S®; Z) be the standard generators. Thus, a + 6 is the 
diagonal class. 

CoroLuary 1. The homology class 2(a + 8) is not represented by any differentiably 
imbedded 2-sphere in S* XK S?. 

Next, let M be the complex projective plane PC(2), with generator y e H2(PC(2); 
Z). 

Coro.iary 2. The homology class 3y in PC(2) is not represented by any differ- 
entiably imbedded 2-sphere. 

A third example will be presented at the end of the paper. In contrast, we will 
prove the following. 

THEOREM 2. In either S? * S* or PC(2), every 2-dimensional homology class 
can be represented by a combinatorially imbedded 2-sphere. 

(In general, this 2-sphere will have exceptional points at which it is not locally 
flat.) The proof of Theorem 2 will apply to some other manifolds. (See Lemma 
2 below.) However, it is not known whether every two-dimensional homology 
class in every simply connected 4-manifold can be represented by a combinatorially 
imbedded sphere. 

Proof of Theorem 1: We will use the following known result (see Rohlin,® 
Milnor and Kervaire*): 

Lemma 1. If the Stiefel-Whitney class wo(M*) is zero, then} the signature o(M*) 
is congruent to zero modulo 16. 

(Note that this lemma can be considered as a special case of Theorem 1, corre- 
sponding to the choice — = 0.) 

Reversing the orientation of M if necessary, we may assume that the self-inter- 
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section number £-£ is nonpositive. Let P;, ..., Ps41 be s + 1 copies of the complex 
projective plane PC(2), where s = —é-é. 
Form the connected sum 
M, = M id P; Pees F P33. 


Using the natural isomorphism 


a: HAM; Z) @ HAP; Z) @... @ HAPs; Z) > HAM; Z), 


let n=jJEOn @®..- O ves). 


Here y; denotes a generator of H2(P;; Z). Note that the self-intersection number 
n'n 1S given by 


an = &§E+ Doen = +1. 


Using the hypothesis that can be represented by a differentiable imbedding of 
S? in M, it follows easily that 7 can be represented by a differentiable imbedding 


f: SM. 


Since n-7 = 1, the Euler class of the normal bundle of f(S?) C M, is the standard 
generator of H*(S?; Z). (Compare the argument on page 51 of ref. 6.) Hence, 
the normal circle-bundle of f(S?) C M, is the Hopf fibration S* > S?*. 

Let M, be the new differentiable manifold obtained from M, by removing a 
tubular neighborhood of f(S?) and replacing it by a 4-cell, matching the 3-sphere 
boundaries. Evidently, the original M, is diffeomorphic to the connected sum 


M.#PC(2). Hence, we have 
o(M,;) = o/M.) + 1. 


We claim that the Stiefel-Whitney class we(M_) is zero. Clearly, 7 is dual to the 
Stiefel-Whitney class w.(M,). This implies that the class we(M, — f(S*)) is zero; 
hence w2(Mz) = 0. Therefore, we have o(M:2) = 0 modulo 16; hence, 


o(M,;) =1 (mod 16). 
On the other hand, 


o(M,) = o(M) + o(Ps) + ... + of Peas) = (MW) +84+ 1. 


Thus, o(M) + s=0 (mod 16) 


which completes the proof of Theorem 1. 

Example 1: Let M = S* X S? and let = pa + g@ be an arbitrary element of 
H(M; Z). Then ¢-& = 2pq. Since wo(M) = 0, the class ¢ is dual to we(M) if 
and only if p and q are both even. If p= gq = 2 ‘mod 4), then £-& = 8 (mod 16). 
Hence, such a & cannot be represented by a differentiably imbedded 2-sphere in 
S? x S?. This proves Corollary 1. On the other hand, if |p| < 2, then the class 
pa + gq is representable by a differentiably imbedded sphere. In general, for 
higher values of p and q, the problem remains unsolved. 

Example 2: Let M be the complex projective plane PC(2), and let & = ry. 
Then, {- = r*. The class ¢ is dual to w.(M) if and only if ris odd. If r= +3 
(mod 8), then 
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f-§ = r?>=9 (mod 16). 


Since o(./) = 1, this shows that such a is not representable by a differentiably 
imbedded sphere. This proves Corollary 2. 

On the other hand, for |r| < 3, the class = ry is representable. The problem 
remains unsolved for other r # +3 (mod 8). 

The proof of Theorem 2 is elementary. We will first illustrate the proof idea 
in the case of the projective plane PC(2). We will then prove a more general 
statement (Lemma 2 below) which includes Theorem 2 as a special case. 

PC(2) can be regarded as the union U U V of a tubular neighborhood U of the 
projective line PC(1) = S*? C PC(2) and a 4-disk V. Let p: U — S?* be the 
normal projection. The inverse image p~!(x) of a point x ¢ S? is a 2-disk. The 
boundary U” of U is diffeomorphic to S*, and p restricted to LU” is the Hopf fibration 
S'— S*. Let m be a positive integer, and let D;, 7 = 1,...,m, denote the 2-disk 
p~\(a,), where 2x,...,tm, are distinct points on S*. The disks D,,...,D, are 
oriented so that their intersection numbers with PC(1) are equal to +1. Let 
fi: IXI~>U, j =1,...,m — 1, be imbeddings such that 

(1) f,Z X 0) C D; and f,Z X 1) C Dj 41, where f;| 7 X 1 is orientation- 
preserving and f;|/ X 0 orientation-reversing; 

(2) The images F; of f;, 7 = 1,...,m — 1, are disjoint, and intersect 
Dj, only as specified in (1). (See Figs. 1 and 2.) 


F° is a right-handed trefoil 
knot. Fia. 2. 

In other words, we connect the disks D,,...,D,, with each other using m — 1 
strips £;,...,E£,—1 imbedded in UU” so that the resulting surface with boundary 
F =D, U EU DV . U D,, has an orientation compatible with the orienta- 
tions of D,,...,D,,.. The Euler characteristic of F is 1, hence F is a 2-element in 
U. The boundary F’ of F is a circle imbedded in the 3-sphere U' = V’. Since 
V is a 4-disk, we can extend the imbedding F’ C V’ to a (combinatorial) imbedding 
CF’ — V of the cone over the boundary of F into V. [Nore: In general, FP’ Cc V’ 
will be a knotted circle. Hence, the imbedded disk CF’ C V will have a “singular 
point” (Cf. ref. 2) at the vertex of the cone.] The surface F U CF’ is a 2-sphere 
>? combinatorially imbedded in PC(2). Clearly =? represents the homology 


class my providing that its orientation is compatible with the orientations of the 


disks D;. Otherwise, it represents the class (— my). 
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Remark.—It is not hard to see that the strips connecting the disks D,,...,D,, 
can be chosen so that F” is a torus knot of type (m — 1, — m) in S*. For example, 
for m = 2, the strip F; can be chosen so that F’ is unknotted. For m = 3, we obtain 
the (right-handed) trefoil knot as illustrated by Figure 1. It follows from the 
statement in Example 1 that for m = 3 or 5 modulo 8, such a knot does not belong 
to the trivial knot cobordism class. (Compare R. Fox and J. Milnor.? Actually, 
Fox and Milnor have proved that no two distinct torus knots belong to the same 
knot cobordism class.) Notice, however, that the knot cobordism class of F” is 
not uniquely determined by the homology class of F U CF’. For instance, in the 
case m = 2 we can add a twist to the strip /; so as to obtain the (right-handed) 
trefoil knot (compare Fig. 2). 

We now come back to the proof of Theorem 2. We will prove the following 
statement. 

LemMaA 2. Let M be a closed combinatorial 4-manifold containing a 2-dimensional 


subcomplex K such that 
‘1) M — K ts acyclic, and 


(2) The boundary of a regular neighborhood* of K is a 3-sphere. 


Then, every homology class — « H2(M; Z) can be represented by a combinatorially 
imbedded sphere. 

Clearly, both S? K S? and PC(2) satisfy the hypothesis of Lemma 2. It is not 
known whether every simply connected 4-manifold satisfies this hypothesis. 

Proof of Lemma 2: Start with a cohomology class c in H*(K; Z) and choose 
an iterated barycentric subdivision K‘”’ of K (i > 1) such that this cohomology 
class is represented by a cocycle co with | ¢(A)| < 1 for every 2-simplex A « K". 
Let U be the star neighborhood of K in M“+», Then U is a regular neighborhood 
of K (see ref. 10, Theorem 22); hence, the boundary U” is a 3-sphere. Each 2- 
simplex A e K‘” has a dual 2-cell A* C U C M+” whose boundary is contained 
in the boundary of U. Let {Dj,...,Dn}{ be the set of those dual cells A* for 
which c(A) ¥ 0. Orient each D; so that it has intersection number c/A) with the 
corresponding simplex A. The boundaries D,,...,D,, are m disjoint oriented 
circles in the 3-sphere U’, where m = >>| ¢(A)|. Now just as in the preceding 
proof, choose m — 1 strips A, ..., Em— in U’ which connect these m circles. Again, 
the orientations are to be chosen so that the 2-element 


F = dD, U FE U D» U Sete U |) a on U 


has an orientation compatible with the orientations of the D;. The boundary F’ 
is now a (knotted) circle in U’. But F’ also bounds a 2-element F; in the closure 
V of M — U. Indeed, a regular neighborhood of U’ = V’ in V is combinatorially 
equivalent to S* X J, and therefore the imbedding F’ — V" can be extended to an 
imbedding of the cone over F’ into V. 

The union F U F; is a combinatorial 2-sphere in M which represents a homology 
class & « H;(M; Z). Clearly, é corresponds to the cohomology class c e H*(K; Z) 
under the isomorphisms 


i* p dx kx 


H*(K) -——— H*(U) ———> HU, U') ——— H.(M, V) -—— #( 4). 


Here, 7, 7, and k denote inclusion maps and p denotes the Poincaré duality iso- 
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morphism. (k» is an isomorphism since V is acyclic.) Since ¢ was an arbitrary 
cohomology class, this completes the proof of Lemma 2. 

Example 3: In conclusion, we will consider the connected sum P, # P2 of two 
copies of the complex projective plane. Let yi, y2 ¢ H2(P: # P2; Z) be the standard 
generators. 

LemMa 3. The homology class 3y, can be represented by a differentiably imbedded 
2-sphere f: S* > Pi # Pr». 

This is rather surprising in view of Corollary 2. 

The homology class y. can also be represented by an imbedded sphere 
g: S?’—~ P,#P». It is interesting to note that the two images f(S?), gS?) must 
necessarily intersect, even though the intersection number 3y:-72 is zero. For 
otherwise it would be possible to choose an imbedded sphere representing the 
homology class 37; + y2 of the sum. This is impossible by Theorem 1, since 


(3y1 + y2):(8y1 + yo) = 10 ¥ ofP, #P2) = 2 (mod 16). 


Proof of Lemma 3: Let U denote a tubular neighborhood of PC(1) in PC(2), 
as in the proof of Theorem 2. Then P; # P2 can be considered as the union U; U U2 
of two copies of U, with the 3-sphere boundaries matched under an orientation 
reversing homeomorphism h: U,— U . As illustrated in Figure 1, it is possible 
to imbed a 2-disk Ff; in U; so as to represent the homology class 37, and so that 
the boundary F; is a right-handed trefoil in U;. On the other hand, it is possible 
to imbed a 2-disk F, in U. representing the trivial homology class, and so that the 
boundary F, is a left-handed trefoil in U,. The construction is illustrated in 


9 


Figure 3. (This is similar to Figure 2 except that the orientation of D. has been 


= ie -S 


Fic. 3.—F’° is a left-handed 
trefoil. 

reversed, in order to obtain the zero homology class in H2(Us, U2; Z).) 

Deforming this left-handed trefoil so that it matches the image of the right- 
handed trefoil under h, we obtain a 2-sphere F; U F, C P, # P2 representing the 
required homology class 3y;. It is clear that the “angles’’ can be rounded off 
so as to make F, U F» into a differentiably imbedded 2-sphere. This completes 
the proof of Lemma 3. 


* Even if is not representable by an imbedded 2-sphere, the weaker congruence 


tg a(M) (mod 8) 


will be satisfied, assuming that is simply connected. 


(é@).) 


(Compare van der Blij, ref. 1, formula 


t This lemma can also be stated in the form: If wo(.M) = 0, then p,[{M] = 0 (mod 48). The 
two formulations are equivalent in view of the Thom-Rohblin identity 
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m([M] = 30(M). 


(Cf. Hirzebruch, ref. 4, Theorem § : The proof of Lemma 1 is based on the fact that 
n+43(5”") is cyclic of order 24 for n > 5. 

t In the sense of J. H. C. Whitehead.” Any two regular neighborhoods of K in M are com- 
binatorially equivalent by reference 10, Theorem 23. 
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AN ALGORITHM FOR EQUILIBRIUM POINTS IN BIMATRIX GAMES 
By Harotp W. KvuxHn 
mene-ssiaremninsiis sad dilantin sitet laa emaaai 
Communicated by S. Bochner, August 2, 1961 


1. Recently N. N. Vorobjev! has presented a constructive procedure for com- 
puting all equilibrium points for the case of bimatrix (i.e., finite two-person non- 
cooperative non-zero-sum) games. The purpose of the present note is to simplify 
his algorithm both in theory and application. In the terms of his paper, the classi- 
fication of extreme equilibrium strategies into two types is eliminated, and the enu- 
meration of all such strategies is reduced to a single routine. 

2. For the sake of easy comparison with Vorobjev’s work, his notation will be 
used. If M is any matrix,:.V;. denotes the ith row of WM, M., denotes the jth 
column of M, and M’ denotes the transpose of M. Furthermore, ./, denotes the 
p-dimensional vector with all components equal to one, and O, denotes the p- 
dimensional vector with all components equal to zero. Inequalities between vec- 
tors are to hold in all components. 

A bimatrix game T is defined by two real m by n payoff matrices, A = (a,;) and 
B = (b,,;): if player 1 chooses ze} 1, ..., m} and player 2 chooses je} 1, ..., n}, then 
player 1 is paid a,; and 2 is paid b;;._ Mixed strategies for 1 and 2 are probability 
vectors of dimension m and n and are denoted by X and Y respectively. Thus, 


XJ* 21; F2B 


m 


and J,Y? =1, Y O,. 


m 
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If 1 uses mixed strategy X and 2 uses Y, then their expected payoffs are XAY’ 
and XBY", respectively. 
such that 


An equilibrium point is a pair of mixed strategies (X, Y) 


XAP™ => XAP"™ and XBY" = XBy* 
for all X and Y. 


The set of all equilibrium points for T, which is nonempty by the 
theorem of Nash,? will be denoted by Srp. 
Clearly (X, Y) ¢ 8; if and only if 


XAYV™ =A," and 
for all 7 and /. 


3. Given any X, set $(X) = | Y|(X, Y) € Sp}. Since S(X) is the solution set of 
the finite system of linear inequalities, 


XAY' Pa ac¥* (2 a , m) 
XBY" = XB, (Gj 


Y & U,, ce gai 


|. 9 8) 


it is clear that S(X) is a compact convex set, which is possibly empty (compare the 
Lemma, pp. 319-320 of ref. 1) 


For any set X of mixed strategies X, set 
s(x) = fA 8(X). 
XeX 
Clearly, $(9) is also a compact convex set, which is possibly empty. 
S, K(S) will denote the set of extreme points of 8. 


For any set 
DEFINITION. 


The mixed strategy Y is called an extreme equilibrium strategy if 


Pp 
YeK( N S(X,)) = K(S()) 
k=1 
for some finite set © = | X,, , X,>} of mized strategies. 
It should be clear that analogous definitions can be given with the roles of the 
players reversed. 
f. 


The results of Vorobjev can now be stated as follows: 


THEOREM 1. Jt is possible to enumerate effectively finite sets X and Y, which contain 
all extreme equilibrium strategies for the two players. 
THEOREM 2. 


For any finite set 9, it is possible to describe effectively the set 8(2X) 
by computing its extreme points, which are finite in number. 
THEOREM 3. 


S = U_ [x] X s(x), 
xcx 

where [9X] denotes the convex hull of %X. 

Vorobjev has derived Theorems 2 and 3 from Theorem 1 in a very elegant man- 
ner. His proofs will be repeated here to make this account self-contained. 
Proof of Theorem 2: Since 8(9%) is a compact convex set, to describe $(%) we need 
only find K(S(%%)). 
rium strategies. $(9) Ny. lo verify whether a point Y of Y also lies in 
S(9), we need only test the finite set of inequalities XA Y* 


~t* Se & 


However, K(S(%)) C Y, since Y contains all extreme equilib- 
Set Y j 
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XB., for the finite set of points X « X. Since this process is finite, Y is effectively 
enumerable. 

Since K(S(xX)) © Y C 8(X), upon deleting those points of Y which are convex 
combinations of other points of Yy, the set K(S(92)) remains. Since ¥ is a finite set, 
this process of deletion is effective. 

Proof of Theorem 3: Let (X, Y) € Sp. Then K(S(¥)) C %&, because £ contains all 
extreme equilibrium strategies. Let 9% denote the finite set AK(S(Y)). If X e 
S(Y), then X ¢ [K(S(Y))] = [9] because S(¥) is a compact convex set. Clearly 
x Cc $(Y) and hence Y ¢« $(X*) for all X* «9. This means Y ¢8(2X) = f 3(X*). 

X*eX 

Conversely, let X € [9] and Y e€ S(%) for some finite set X& C &. Then x C 
S(Y) and [x] C S(Y) because 8(Y) is convex. Therefore, X « S(Y), which means 
(x, Fo eSe. 

5. Proof of Theorem 1: The proof will be based on the following two lemmas. 

Lemma 1. Let ¥ be an extreme equilibrium strategy. Set & = max A,.¥" 
Then (Y, &) is an extreme solution of the following system: 

wd 4s? TRG BP =k 


Proof: Yor Y to be an extreme equilibrium strategy means that there exists a 
finite set X& = }Xj,..., X,} such that Y is an extreme solution of 


LAY’ = A:3" G ere oa eke 
X,BY? j ,..ey mM; k=1,...,p) 


Clearly, X,AY" = a fork = 1, 
Suppose Y = '/.(Y’ + Y”) and & = '/2(a@’ + a”), where (Y’, a’) and (Y”, a”) 
are distinct solutions to the system 


X,BY" = X,B., (Gj = 1, 
7 2G LF’ 


Then, 


& = max A,.Y" s '/.(max A;.Y’" + max A;.Y"") S 1/:(a’ + a”) 


1 1 


and hence, 


max A,.Y’" = a’, max A,.Y 


On the other hand, 
a = X,AP" = 1/(X,AY’? + X,AY"") S 
and hence, 
X,AY"T = a’, X:AY""? = 


fork = 1, ..., p. However, this proves Y’ ¢ $(%) and ¥” ¢ S8(&). Since Y 
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1/,(Y’ + Y”) is extreme in 8(%), this implies Y’ = Y"” = Y and hence a’ = 
a. However, this contradicts (Y’, a’) ¥ (Y”, a”). 

Therefore, Y is an extreme solution to the system in which the inequalities 


X,BY" = X.B, (G =1,...,2; k =1,...,p) 
are adjoined to the system of the lemma. However, these merely require that 
y, = 0 for those 7 for which X,B.; < max X,B.,for some k. Call this set N. Sup- 


pose Y = '/,(Y’ + Y”), where Y’ and Y” are distinct solutions to the system of the 
lemma. Since Y’ = O,, Y" = O,, and ¥; = 0 for7 « N, we have Yj = Yj = ( for 
j € N and hence Y’ and Y” also solve the enlarged system. This contradiction 
proves the lemma. 

Lemma 2. Let (Y, a) be an extreme solution of the system 


J,Y" = 1. 


oe AT. Eee... a. 

Then there exists an s by s submatrix D of A such that 
D —Jj? 
Js 0 


is nonsingular. Furthermore, renumbering rows and columns, if necessary, to place D 


in the upper left corner of A, 


5, = 5 D,/|D 


i=] 


Q = gerd. ..; 


/ 


t,j=1 


(D;; denotes the cofactor of a;,;in D; |D\ and | D denote the determinants of D and 
D). 
Proof: If (Y, &) is an extreme solution to 


os = A r Y Pa OF Fo dd = 1, 


then A,.Y" = afor'somei. Reindex rows, if necessary, so that A Ph iol = & fc 

Ll. ..c, Pade A,.Y' <afori=r+1,...,m. Since Y = O, and J.¥* a» 
y, > Ofor some j. Reindex columns, if necessary, so that 7; > 0 for 7 = 1 

and 9; = Oforj = s+1,...,n. 


I contend that the system of equations 


ae 


has the unique solution y; = 9, forj7 = 1, ...,s and a = & Suppose, to the con- 
trary, that there are distinct solutions (y;, ..., y,, a’) and (y,, ..., Ys, @”) and 
define Y’ and Y” by 
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9, = 9+ e(y; = y;) and 5; = V+ e(y; - yi) 


where ¢€ > 0 is to be chosen. Since j; > 0 for j = 1, ..., 8 it is clear that Y’ = 


8 


” 


O, and Y” = O, for e sufficiently small. Furthermore, since > y; = > y; 
j=l j=l 
1, we have J, ¥’" = land J,Y"" = 1. 
For these mixed strategies, we have 
ASF = a+ ea’ — a’), A; adel =a+t+ ea” — a’) (a 
and 


A; 7" — A?" + € Ye a,,(Yy; _ y;), A, ¥** =. y7 + € = ai;(Y; — y;) 
j=l j= 
G= rE 7, ...5 ae 


“2 oT a . ve . . . 
Since A, Y° <afori = r+ 1, ...,m, it is possible to choose a fixed 6 with the same 
sign as a’ — a” such that 


(a+ asJZ2AV?, (a —dJ7 => AY 


= n= 


for some ¢e > 0 sufficiently small. Hence, (Y’, a + 6) and (Y”, a — 4) solve the 
system of the lemma. However, (Y, a) = '/2}(Y¥’, a + 6) + (¥", a — 6)} isan 
extreme solution. Hence, 6 = 0, which implies a’ = @"”, and Y’ = Y", which im- 
plies (y;, ..., Ys) = (Yt, ---) Ys). This proves the contention made above. 

The remainder of the proof is standard.* The uniqueness of the solution to the 
equation system implies that the columns of the matrix 


ayy ; Ais —| 
Ay} 


l 


are linearly independent. Hence we can choose s rows (including the last row) so 
that 


—1 


a, —1 
| 0 


is nonsingular (the rows may have to be renumbered again). We shall call the 
matrix 


a . As 
D =|; 
a 
which is a square submatrix of A, a kernel for the extreme solution Y (not “the” 
kernel since the steps in its construction are not unique). The formulas for Y and 
& then follow by Cramer’s rule. 
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Since there are only a finite number of square submatrices of A, the proof of 
Theorem 1 follows by combining Lemmas 1 and 2. Note that not every kernel 
which provides an extreme solution to the system of Lemma 2 need provide an 
extreme equilibrium strategy. However, the finite set Y consisting of all mixed 
strategies computed from the kernels certainly contains all extreme equilibrium 
strategies. 

' Vorobjev, N. N., ‘“‘Equilibrium points in bimatrix games,”’ Theoriya Veroyatnostej i ee Prime- 
neniya, 3, 318-331 (1958). 

2 Nash, J. F., ‘“Non-cooperative games,’’ Ann. Math., 54, 286-295 (1951). 

’ Kuhn, H. W., Lectures on the Theory of Games (Princeton, 1953), multilithed ONR Report, pp. 


50-51. 


ORBIT SPACES OF FINITE ABELIAN TRANSFORMATION GROUPS* 
By Paut A. SmMirH 
DEPARTMENT OF MATHEMATICS, COLUMBIA UNIVERSITY 


Communicated August 16, 1961 


1.—We shall consider transformation groups—or actions—(a, X) where X is a 
locally compact Hausdorff space and r = 6X ... X6,, each 8; being cyclic of prime 
order p. An action (2, X) is free if the fixedpoint set F(y) is empty for each cyclic 
subgroup y. The free part § of an action (7, X) is the open set X — UF(y); the 


induced action (2, ) is free. We shall consider the problem of determining the 
cohomology of the orbit spaces of free actions, in particular, the orbit spaces /z. 
In the case of cohomology spheres, we simplify and complete the computation 
given in an earlier note. ! 

2. Some Cohomology Groups.2—An action (x, X) being given, let A’ (X) be 
the Z,(a)-module of Alexander-Spanier cochains on X, values in Z,, modulo those 
of empty support, and let A(X) be the submodule of compactly supported elements. 
A(X) is identical with the module of compactly supported sections of the Alex- 
ander-Spanier sheaf on X, values in Z,. Let H(X) = H(A(X)) where H stands for 
cohomology, and for — € Z,(m), let HX) = H(EA(X)). Multiplication by an 
element 9 in Z,(m) induces n* :H,(X) —~ H;,(X). We have also 7* : H;,(X) > 
H,(X) induced by the inclusion &A (X) > €A(X). 

Forg€ r,g #1, let o(g) =1+g4+...+ 9", rg) = 1 — gand let p(g) be 
either one of o(g), 7(g) and j(g) the other. Evidently, p(g)p(g) = 0. 

Let y be the cyclic subgroup generated by g. The support of each element of 
p(g)A(X) lies in X — F(y). In fact, if « € F(y), ce € A(X), we have (gc)(7) = 
e(g(x)) = c(x). Hence, (oc)(x) = pe(x) = 0, (re)(x) = e(x) — c(x) = 0; so pe 
(p = p(g)) vanishes on F(y). If y acts trivially on X, then p* annuls H(X), since 
in this case F(y) = X. 

Let Go = X and for s , OC, = X — vu; F(6;). We have inclusions 
A(Gs) ¢ A(X), pi... psA(Gs) > pr... X). The second of these is bijective. 
For lete € A(X). The support of p:... psc isin X — F(6;),i = 1,... 8, hence is in 
G,. Therefore, p; ... psc can be identified with an element of p;... ps A(Gs). It is 





Vou. 47, 1961 MATHEMATICS: P. A. SMITH 1663 


Gs) > Ho,...0, (X) and that (H(Ss) > 


clear that we have a bijective map Ho,... e, 
r . . . . * 
H(X)) is carried into this map by p;... p 

3.—Let gi be a generator of 6; chosen once and for all and let pi = p(gi). We 


J 
(i.e. there is a commutative diagram). 


( 
* 


shall give special attention to the groups 


a. Ae Ag ee 


, , 
Evidently H,, = Hs,1. We agree that Hy = H, and for p = p:, Ho, = H,. 

1. Orbit Spaces.—Let m = }1} and for s = r,letw;s = 8X... Bs. If 
the induced action (as, X) is free, then Hs(X) is simply the cohomology of the 
equivariant cochains of (a,, X) and is known to be canonically isomorphic to 
H(X/as). More specifically, there is a canonical bijective map H(X/ 2s) > Hs(X) 
the composition of which with 7* : H;(X) —~ H(X) is simply p* : H(X/2s) > H(X) 
where p is the canonical projection X — X/ zs. 

5. Closed Subspaces.—Uf C is a closed subspace of X, there is an exact cohomology 
triangle 

A(X — C) 5 A(X) 5 AC) S, 
where 6:H(C) ~ H(X — C) is of degree 1, Y and w of degree 0. If (as, X) is free 
and Cis ams-invariant, there is an induced action (as, C) which is free. On identi- 
fving H(X/2;) with H;(X) ete., we see that there is an exact triangle 

H(X — C)& H,(X) S&S BAC) 5. (5.1) 


The maps which appear in (5.1) permute with pf, . . . p>. 
Let Fy be X and for s r, let J; be the free part of the induced action (zs, 


X). Let B be an arbitrary cyclic subgroup of x not contained in r,,. Let 58_, = 


F._, N (8). Evidently, ¥°_, is the free part of the induced action (2,_,, F(8)) and 
F, F,1—- us? 1: 
B 

The sets $°_, are closed in 5,, and it can be readily verified that they are disjoint. 
We have therefore an exact triangle 

. ~3 Or—1 7 Yr = Wr 

2H (SF ae fH, Se Se FS ak 
where © means direct sum. We assert that 

, © Ker ¢,”, 1 © ker 7,*. (5.3) 


For, H,—-1(5>-1 H (5? _1/m,-1) J; x,—1) = H,~-1(S>-1/6r). (The 
second equality comes from the fact that (8, F?_,) is trivial, and the third comes 
from: B,%,-1 = @ Bm,—-1.) Nowe,, r. obviously annul H,_(¥?_,/8,), hence 
they annul H,— ;(5?_ 1), hence im 6, — 1. 

6. An Exact Sequence—F¥or n in Z,(2) let \n| be the smallest subgroup 7’ of 
m such that 7 € Z,(2’). Note that always |p p|. The following lemma is 
basic for our purposes. While the proof is not difficult, we prefer to devote the 
present space to applications. 

Lemma. Let p p(g). If \p| n \n 1} and if |p) acts freely on X, the 


seque nce, 
O — pnA(X) & nA(X) S pn A(X) > O, 


1s exact. 
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When the stated conditions are satisfied, we have an exact cohomology triangle, 


H(X) 5 BX) & BAX) &, (6.1) 


np 


where w:H,, > H,,; is of degree 1. In particular, if 0 S s S r — 1 and if (@s41, X) 
is free, we have the exact triangle 


H AX) = HAX) & 8X) 5. (6.2) 


The maps p* for which 7 ¥ s + 1 permute with uw. For any (2, X), the exact tri- 
angle (6.2) is valid for (2, &), (a, Gs41). 

7. Maximal Elements.—In a free action (2, X), let 2 be a homogeneous non- 
zero element of H,,,s <r. Assuming that H,, vanishes in high dimensions, denote 
by m(x) the last nonzero element in the sequence x, wx, upx, ... and call it the 
maximal element for x; it is a member of H,, u H,. Since the next element in 
the sequence is zero, we have 


m(x) € im p¥*; hence, m(x) = p*y, 0 ¥ y © Asi, C7) 


where p,; is one of o5, 75. 
Let « € H,(5,). By the permutability of p* and yu (section 5), we see that if 
SS Ss k are different from s, 


pips... pir = 0 implies pips... pym(zx) = 0, (7.2) 


where in forming m(x), H, is regarded as Hl (,— 1,9. 

Let X be a cohomology n-sphere over Z,. The maximal elements for the ele- 
ments of H,(%,) exist by virtue of (8.1) below. Let « € H,(%). We assert that 
deg m(x) = n. For, m(x) = pfu, u © H(5,) = H(X — F(@,)). The sequence 
(5.2) for r 1 is simply the cohomology sequence for the pair (X, F(@,)). On 
writing this out as a long exact sequence, we find that deg «<n implies u € im 6p, 
in which case pfu = 0 (5.3), which is impossible. 

8. Cohomology in Dimension = n.—Assume that X is finite-dimensional over 
Z, and that H"(X) = Z,, H"(X) = Oform>n. Then, 


pe (5) = Hy...p»(G) = 90 forssStSrem>n. (8.1) 


p. 
The proof is by induction on m and s using (6.1) with X = §&, Gi. 


CoroLuary. Let X be a cohomology n-sphere over Z, which is finite-dimensional 
over Z,. The maps p2:H"_,, ()—> H.... o(¥) and p.: HH". SC — 
(Gi), s S t, are surjective. Hence the maps Pog ... per H"(F)—> HY’, ... o(F) and H"(G:) 
> H" -.. pa(Ge) are surjective. 

9. The Poincaré Polynomials.—Assume that (1, X) is free. If H*(X) is finite for 
every k, so is H®,(X); if H*(X) vanishes for large k, the same is true of H%,(X), 
$= r— 1, p = o641, Ts41. These statements are proved by easy inductions 
on k and s using the long exact sequence corresponding to (6.2). 

Now let 

C.. = ker Pn E,, = im pay. 


p 


If H(X) is finite in every dimension, we may form the Poincaré series in’ powers 


of t for H,,(X) and its subgroups C,,, E We denote these series by H,,, Cs,, 


sp 
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E 


One finds from (6.2) that 


H,, = ((H,, — E,,) — C,,. 


8p 


s8p* 


Call the given action (s + 1) — symmetric if 


a Y aw nN ~~ yy rw fF,’ aw 
8p (= ( $ Say ), E., — E, — E,. Say ) 


If H(X) is finite in every dimension and the action is (s + 1)-symmetric, we find 
from (9.1) that H,, = H,, and 


(1 — t)Hy4, = C, — tEy. (9.2) 


If H(X) is finite and the action is (s + 1)-symmetric, the series which appear in 
(9.2) are polynomials and (9.2) can be written 


Hw. = 1+t+l+...)(C, — tE,). (9.3) 


10. Generalized Spheres.*—From now, on we denote by S a generalized n-sphere 

over Z,, i.e., a cohomology n-sphere over Z, whose dimension over Z, is finite and 

(a, X), it is known that 

for x’ ¢ x, F(x’), if not empty, is a generalized k-sphere,0 < k S n. We can have 
k = nonly if F(x’) = 8S. 

THEOREM 1. Letn = pi... p,, p s+1 (8 } 1). If the free part of (x, S) 


which is a cohomology n-manifold over Zp. For any action 


is not empty, the sequence, 


HT’, 


(S) & H"(S) 2 H™(S) +0, (10.1) 


) 
, 


is exact. 

Proof: Write the same sequence with G,4; in place of S, and map the new se- 
quence, which zs exact (section 6) into (10.1) by a commutative diagram. The 
map H?,(S;41) ~ H?{,(S) is bijective (section 2), and the same is true when @ re- 
places p. The exactness of (10.1) will then be a consequence of the assertion that 
A: HY (G41) > H7(G;) is surjective. To prove the assertion, note that \ factors 
as H"(Gs41) > H'(G,) — H*(S), and since the second of these maps is bijective, it 
is sufficient to prove that H?,. yi(Gsis) > A... oi 
is proved by induction on 7 starting with H"(G,.:) ~ H"(G,) ~ 0 (the case 7 = 0), 
which is proved by an induction on s starting with H”(G,;) ~ H"(S) ~ 0. This 
last is a consequence of G,; = S — F(@,) and the fact that H”(F(6,)) = 0 (otherwise 
F(é,) = 8, F = @). 

THEOREM 2,. Let n = pi... ps, p = pst. Lf the free part of (rw, S) ts not empty, 
the map p* : H}(S) —~ H*,(S) is injective (hence bijective). 

Corotiary. If the free part of (x, S) is nonempty, the maps p* ... p2,:H"(S) > 
re 

Proof: Let 29 be the statement: H"(S) = Z,, and assume in addition to 29, 
that theorems 2), ..., 2;-1 are true (s 2 1). Then H7(S) = Z,. Now the com- 


position of the maps, 


(G;) is surjective if 7 < s. This 


US) are bijective. 


H"(S) & H",(S) & H"(S), 


np 
is zero. For let uw © H%(S) and let z be a cocycle of u. Then jz represents the 
image of wu in H*, and also the image in H®. Since H? = Zp, 8.4: induces trivial 
action on H*(S) so that jz represents the zero of H’(S).—Now since p* is surjective 
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(Theorem 1), im 7* = 0. Hence ker p* = 0, which proves 2,. 

11.—We wish to compute the cohomology of the orbit space of (a, &) where 5 
is the free part of an action (7, 8S). This amounts to computing H,(5,). By an 
easy induction on r, one shows that H(%,) is finite. We shall show moreover that 
(x, F,) is r-symmetric and therefore we can use (9.3). The remaining problem is 
to determine C,._, and £,.;... This is done in the following theorem. 

THEOREM 3. For any action (a, 8S) on a generalized n-sphere S over Zp, we have 


° Ak ‘ 
ker 7, € im 6-1, kero, G im d-,, 


z or — * * ‘ = 
where by, is given in (5.2), and o, , tr, are maps of H,_1(&). 


‘ ° - * * . 
Coro.tuary. In view of (5.3) we have ker 7, = ker o, = 1m &-. It follows 
* ; * : oe are 4 
thatim rt, = imo, = im wy. Hence, (x, S) is r-symmetric and 


ee im6,_1, E41 & mmy,y_1. 
Let (a) stand for the Poincaré polynomial of a. If we keep in mind that the map 
6,_, is of degree 1, we see that 


C..41 — tE,. (im6,-1) — t(imy,—1) 
(im6,_;) + tUimw,_1) — t((imw,_1) + (imy,_,)) 
(im6,_1) + ¢(ker 6,,;) — t((imw,_1) + (ker w,_)) 
t(> H, (¥? 1) — H,_1(5,_1)), 


and therefore (9.3) g 


H(S/7) (@+ +... )(SH(5_1/m,1) — H(S,,/m,-1)). 


B 


This gives a recursive method of computing H(F’/ z) ultimately in terms of the co- 


homology of the fixedpoint sets of the cyclic subgroups of 7. 

The proof of Theorem 3; is more or less trivial. Assume that r 2 2 and that 
Theorems 3), ...3,-; are true. We are to prove that ker p,* ¢ imé,,.. IfF = @ 
there is nothing to prove. Assume then that F 4 @. Let y,1 be a nonzero 
homogeneous element of H,_,(¥,) which is not in imé,;. We shall assume that 
pty, = 0 and obtain a contradiction. Let 2,1. = Wy. Then 0 ¥ a4 € 
H,_1(5,1). We have p*x,, ped -tr-1 = Vr-1pe¥r-1 = 0. By (7.2), p, 
m(x,1) = 0. By (7.1), we have m(2,_,) p.—1Yr-2, O ¥ yr-2 © H,-2(G,-1). We 
have Pf Yr—2 0, hence p*p*, i(W,-2y--2) = 0. Since ker y,-2 = im 6,_; = ker 
p-~, by the corollary of Theorem 3,_;, and since p ,-1 ¥y-2 = m(a,-1) ¥ 0, we have 
V,ajr-2 3 0. Let 2-2 y,-2Y,-2. We have now a relation p,p*_17;-2 = 0 
where 0 # x,-2 € H,_2(%,-2). We replace x,» by m(x,-,;) and apply y,-3. We 
eventually get a relation p*p;_;... ptxo = 0, where 0 # a2» € Ao(So) = H(S). 
Just as deg x,_» deg m(x,-_;), we shall have deg ay = deg m(2x,) and since a, € 
H,(5,), we have deg xo n (section 7). We have therefore a contradiction to the 


corollary of Theorem 2,_. 


* This work has been supported by the Office of Naval Research. 
Smith, P. A., “Orbit spaces of abelian p-groups,’’ these PRocEEDINGS, 45, 1772-1775 (1959). 
2 General reference for cohomology theory: Godement, R., Théorie des faisceaux (Paris: 
Hermann, 1958). 
® Concerning fixedpoint sets of actions on cohomology spheres, see Borel, A., Seminar on Trans- 
formation Groups, Annals of Mathematics Studies, No. 46 (Princeton University Press, 1960). 
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' This is essentially the formula proposed (but proved enly for r = 2) in the note cited in refer- 
ence 1. A more explicit (but as yet unpublished) formula has recently been obtained by Glen 
Bredon by entirely different methods. 


ON THE DIFFERENT MOLECULAR FORMS OF ANTIBODY 
SYNTHESIZED BY RABBITS DURING THE EARLY RESPONSE TO 
SINGLE INJECTION OF PROTEIN AND CELLULAR ANTIGENS* 


By D. C. Bavert AND A. B. STAVITSKY 


DEPARTMENT OF MICROBIOLOGY, WESTERN RESERVE UNIVERSITY SCHOOL OF MEDICINE 


Communicated by W. H. Taliaferro, August 21,1961 


In the course of attempts to enhance the primary antibody response to diphtheria 
toxoid, rabbits were injected with Salmonella typhosa vaccine followed by the toxoid. 
Antitoxoid appeared earlier and in higher titer in these rabbits than in controls, 
which received only toxoid. When the titers of the sera from Salmonella-primed 
animals were plotted against time after injection of toxoid, a biphasic curve with 
peak titers at about 9 and 15 days was obtained. This curve suggested that two 
distinct species of antidiphtheria toxoid were formed during the early response to a 
single injection of this antigen. Subsequent studies confirmed this suggestion. 
Since we were aware of previous reports of the synthesis of different molecular 
forms of antibody in man,!~* rabbit,* and horse®: ° following multiple injections of 
antigens, we wondered whether the rabbit generally formed more than one species 
of antibody to a single injection of various antigens. In the study to be described, 
it wes found that the single injection of a variety of protein and cellular antigens 
into the rabbit regularly resulted in the synthesis first of a y-1 macroglobulin 
antibody and several days later the synthesis of a y-2 globulin antibody of lower 
molecular weight. This paper presents physico-chemical and serological evidence 
for the existence and the sequence of appearance of these two molecular species of 
antibody. 

Materials and Methods—Antigens: Antigens were obtained from the following sources: Pur- 
ogenated® diphtheria toxoid—Lederle Laboratories; bovine y globulin (BGG)—Armour Labora- 
tories; keyhole limpet hemocyanin (KLH)—Pacific Biomarine Supply Co., Los Angeles, Cali- 
fornia; typhoid-paratyphoid A and B or typhoid vaccine—Eli Lilly Co.; sheep erythrocytes 
Cappel Laboratories; human serum albumin (HSA)—prepared by alcohol fractionation, Merck, 
Sharpe and Dohme Co.; Diphtheria toxin (76 K-A) containing 32 Lf units per ml was obtained 
from the Commonwealth of Massachusetts, Department of Public Health, Division of Biologic 
Laboratories, Boston, Massachusetts. This toxin was utilized for the assay of diphtheria antitoxin 
by the neutralization assay. A 5-times recrystallized preparation of diphtheria toxin? was ob- 
tained from Dr. C. G. Pope, Welleome Research Laboratories, Beckenham, Kent, England. It 
contained 3,000-3,200 Lf units per mg of protein nitrogen. The diphtheria toxoid, recrystallized 
diphtheria toxin, and hemocyanin were shown to be heterogeneous by gel diffusion’ and immuno- 
electrophoretic? analysis, but by these same criteria the bovine y globulin and human serum al- 
bumin consisted essentially of one component with a small amount of a contaminating second 
component. 

Radioactive antigen: TU '-labelled HSA was obtained from Abbott Laboratories. This 
preparation contained some a-globulin as judged by immunoelectrophoretic analysis. 

Immunization: Albino rabbits of either sex and weighing 3—4 kilos were injected in each of the 
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hind foot pads with the following amounts of antigens: diphtheria toxoid—80 Lf units; BGG, 
KLH, and HSA—2 mg of protein; typhoid-paratyphoid vaccine and 50% suspension of washed 
sheep erythrocytes—0.5 ml. The same amounts of antigens were used to restimulate the antibody 
response. All of the soluble antigens were alum-precipitated for use in immunization. 

Antisera: Bleedings were made from the marginal ear vein. Serum was removed from the 
clotted blood and stored at 4-5°C or —20°C. All sera were inactivated at 56°C for 30 min before 
analysis. 

Antibody assays: The hemagglutination and hemagglutination-inhibition procedures were per- 
formed as described previously.!* The specificity of hemagglutination was frequently tested by 
the inhibition procedure. For the assay of hemagglutinins to sheep erythrocytes, the cells were 
standardized as in the tanned-cell procedure.!* Salmonella O agglutinins were assayed with an 
ethanol-treated suspension of Salmonella typhosa which was adjusted to an optical density of 75 
with the 40 filter in the Klett colorimeter. Salmonella H agglutinins were assayed with a formalin- 
treated cell suspension adjusted to the same optical density as the ethanol-treated suspension. 
The O agglutinins were absorbed from sera before assaying for the H agglutinins. Antibody was 
also detected by the binding of radioactive antigen, based on the method of Feinberg.’ Labeled 
antigen was mixed either with diluted antiserum or with a fraction of serum isolated by zone 
electrophoresis! or by centrifugation in a sucrose gradient.!2 The mixture was incubated for 
two hours at +5°C. Sufficient sheep anti-rabbit y-globulin was then added to precipitate all 
of the rabbit y-globulin in the mixture and incubation carried out for 1-2 hr at 37°C. Precipita- 
tion was completed by further storage for 1-2 days at +5°C. The resulting precipitate was 
washed twice with 5 ml of pH 7.2 buffered saline! and finally dissolved in 0.1 ml 0.1 N NaOH and 
0.4 ml distilled water. 0.2 to 0.3 ml of dissolved precipitate was plated on aluminum planchets, 
dried, and counted in a Nuclear-Chicago automatic gas flow counter. As controls, the labeled 
antigens were mixed with normal rabbit serum or with a heterologous antiserum, before the addi- 
tion of the sheep anti-rabbit y-globulin. The resulting complex was treated as above. The re- 
sulting radioactivity was deducted as a blank from the values obtained with the specific antisera or 
fractions thereof. Interfacial precipitation tests were performed in 6 X 50 mm tubes by layering 
the antigen over the antiserum and observing the formation of a precipitate at the interface. 

Veutralization assay for diphtheria antitoxin was performed according to the method of Fraser!‘ 
by incubation of toxin-antiserum or toxin-zone electrophoretically-separated fraction mixtures 
for varying periods at room temperature or +5°C before intradermal inoculation into the shaved 
skin of rabbits 

Zone electrophoresis: Three to five ml of serum were placed in a trough cut in a block of poly- 
vinyl chloride (Pevikon)'! 20 em by 33 em. Electrophoresis was carried out in a 0.1 y» barbital 
buffer, pH 8.6, for 18 to 22 hr at 375 to 400 volts and at a temperature of 5° to 10°C. One-em 
strips were cut from the block and the protein eluted with 5 ml saline by displacement filtration or 
centrifugation. The protein concentration of the eluates was determined by the Lowry method.” 
The antibody content of the eluates was assayed directly or after concentration by pervaporation. 
It was determined that the heating of sera at 56°C for 30 min to inactivate complement had no 
effect upon the electrophoretic patterns or antibody activity of the fractions obtained by zone 
electrophoresis. 

Density gradient ultracentrifugation: Whole serum, diluted 1:1 with isotonic saline, was ultra- 
centrifuged for 16-17 hr at 35,000 r.p.m. in a continuous sucrose gradient prepared as described by 
Edelman et al.!?_ For analysis, 0.5-ml samples were removed sequentially from the top of the tube 
with a I-ml syringe and #20 needle. Sucrose was removed from the fractions by dialysis against 
saline for 24 hr. 

Results—Enhancement of primary antibody response to diphtheria toxoid: As a 
basis for the study of the enhancement of the synthesis of antitoxoid by Salmonella, 
80 Lf units of alum-precipitated diphtheria toxoid was injected into the hind foot 
pads of rabbits. Hemagglutinating antibody appeared in low titer within 8-15 
days with an average of 10 to 11 days. The antibodies produced during the primary 
response in these rabbits were stable upon storage at +4°C or —20°C. The results 


of a typical experiment are illustrated in Figure 1, in which diphtheria toxoid was 
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The effect of prior injection of Salmonella vaccine on the primary antibody re- 
sponse to diphtheria toxoid. The data represent the average response of 12 rabbits 
treated with Salmonella vaccine and 6 rabbits which received only the toxoid. The dashed 
line represents the antibody formed which lost its hemagglutinating activity during in 
vitro storage in the cold and the solid line that antibody which did not lose this activity 


Fig. 1. 


under these circumstances. 
employed as the antigen. Similar results were obtained when the recrystallized 
diphtheria toxin was utilized as the antigen. 

The injection of 0.5 ml of the Salmonella vaccine (typhoid or typhoid-para- 
typhoid) into the foot pads of rabbits 2-5 days before the inoculation of diphtheria 
toxoid regularly resulted in the appearance of antibody detectable by hemagglutina- 
The peak titers at this time were over 


tion 7-8 days after the injection of toxoid. 
Between the ninth and twelfth 


10 times those obtained in unprimed animals. 
day after toxoid was injected, the titers of the primed animals fell to about 2 per 
Several days later the curve of the antibody ascended again 


cent of the peak titers. 
Figure | 


and attained a peak titer similar to that found in the unprimed rabbits. 
also depicts the response in primed rabbits. 

The antibody which appeared first in the Salmonella-primed rabbits consistently 
lost over 75 per cent of its hemagglutinating activity upon storage at +5° or —20°C 
in contradistinction to the antibody in the unprimed animals, which did not lose 
its serological activity under these conditions. The antibody which appeared later 
in the primed animals did not, however, lose hemagglutinating activity in the cold. 

Fractionation of the early response sera by zone electrophoresis followed by 
hemagglutination titrations of the resulting fractions revealed that the antibody 
which appeared initially in both primed and unprimed rabbits had the mobility of 
a y-1 globulin, whereas the antibody which appeared later had the mobility of a 
y-2 globulin. The specificity of these antibodies in primed and unprimed animals 
was established by the hemagglutination-inhibition reaction. ! 

Attempts to enhance antibody synthesis to bovine y-globulin, hemocyanin, and 
human serum albumin by the preinjection of rabbits with Salmonella vaccine 
thus far have been inconclusive. While such animals formed both y-1 and y-2 
globulin antibodies, as will be discussed in the next section, the y-1 globulin anti- 
bodies to these antigens did not lose their serological activity upon storage in the 
cold as did the y-1 globulin antibodies to diphtheria toxoid synthesized in primed 


rabbits. 





1670 MICROBIOLOGY: BAUER AND STAVITSKY Proc. N. A. S. 


Physico-chemical properties of antibodies produced during early antibody response 
to proteins: The findings of y-1 and y-2 globulin antibodies to diphtheria toxoid 
recalled the observation by Stelos and Talmage? first of y-1 and then y-2 globulin 
antibodies to sheep red cell antigens in rabbits which had been injected repeatedly 
with these cells. In addition, the observation of two forms of antibody globulin 


in response to a single inoculation of diphtheria toxoid prompted us to explore the 


possibility that these two species of antibody were formed consistently in response 
to a single injection in the rabbit of a variety of antigens. Eventually, it was found 
that the injection of proteins other than diphtheria toxoid into unprimed rabbits 
also resulted first in the synthesis of antibodies with the mobility of y-1 globulins. 
Figure 2 shows the results of an electrophoretic separation of a 5-day antiserum 
to KLH. Anti-KLH activity is present in the faster-migrating y-1 globulin frac- 
tions. Three days later, some y-2 globulin antibody was demonstrable (Fig. 2). 
Similar results were obtained with antisera to BGG and HSA collected at various 
times after immunization. 

These early antisera have been characterized further by ultracentrifugation in a 
sucrose gradient.'2 By this procedure, antibody activity was detectable only in 
the fastest sedimenting fractions, indicating that the antibody was a macroglobulin. 
Fractionation of sera obtained from later bleedings showed the gradual appearance 
of an antibody with a lower sedimentation coefficient. The results of a typical 
experiment with antisera to BGG are shown in Table 1. Protein determinations” 


TABLE 1 
DENSITY GRADIENT ULTRACENTRIFUGATION OF PRIMARY ResSPONSE ANTISERA TO BGG _ IN 
UNPRIMED RABBITS 
14 day 30 day 
HA Mg Mg 
Fraction mi titer protein/ml iter protein/ml HA titer 
1 (top Q)* 0.10 0 
0 3.76 0 
0 5.00 S 160 
0 3.90 320 
0 2.24 
0 0.92 
10) 0.36 
£0) 0.18 
9 (bottom 0:22 
* O titer less than 1 rec eal of hemagglutination titer 
on each of the fractions showed a maximum concentration in tube 3. Assuming 
this to be primarily albumin with a sedimentation coefficient of 4S, the lighter 
antibody is probably of the usual 7S type. Whether the heavier antibody has a 
sedimentation coefficient of 19S has not been determined precisely, but this anti- 
body does appear in the same fractions as rabbit and human antibodies which have 
a sedimentation coefficient of 198.5 Following zone electrophoresis of the 10-day 
serum from the same rabbit, antibodies were associated with both y-1 and y-2 
globulin fractions. Only traces of antibody activity were apparent in the y-1 
globulin fraction from a 30-day sample of serum (Table 1). 

In Table 2, some physical properties of primary response antibodies to four 
proteins are presented. Diphtheria toxoid, KLH, BGG, and HSA stimulated first 
the production of y-1 macroglobulin antibodies. Three to five days later, antibody 
activity was also associated with y-2, 7S globulins. It is apparent from the results 


a 
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Fic. 2.—Zone electrophoresis of primary response antirsera to hemocyanin five and eight 
days after a single injection of the antigen. Five ml serum eletrophoresced for 21 hr at 
100 volts. One-cm strips eluted with 5 ml 0.15 M phosphate buffered saline, pH 7.2. 


with the 24-day anti-diphtheria toxoid serum that the y-1 globulin antibody is 
gradually lost. 

Table 3 presents data on the binding of radioactive HSA by y-1 and y-2 globulin 
fractions according to the method of Feinberg.” It is clear that these antibodies, 
presumably macroglobulins, bind specific antigen specifically because uptake was 
blocked by preincubation of the whole serum with HSA but not by preincubation 
with egg albumin. 

Deutsch and Morton" reported that human 19S macroglobulins were dissociated 
into 7S components when treated with sulfhydryl compounds. As shown in Table 
!, incubation with 2-mercaptoethanol of diluted early-response sera, y-globulin 
or 19S and y globulin fractions of these antisera abolished their hemagglutinating 
and precipitating activities. These activities were not lost upon similar treatment 
of sera collected later during immunization or of y-2 or 7S y globulin antibody frac- 
tions. 

Specificity and homogeneity of macroglobulin antibodies: The specificity of the 
macroglobulin antibodies was examined by the hemagglutination—inhibition tech- 
nique.'® In all cases the hemagglutination activity of whole serum or serum 
fractions was inhibited only by specific antigen. It is evident, therefore, that the 
macroglobulin antibodies are highly specific. 
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TABLE 2 
PuysicaL PROPERTIES OF PRIMARY RESPONSE ANTIBODIES TO PROTEINS 


Day after 

primary 

Antigen injection Gamma-1 Gamma-2 Heavy* 
BGG 7 —t +7 

us 10 + 

30 + 

ce 1S8O 

Diph. Tox ‘ -- 


nf 


o++ 
ett+e) 
ma 


++ot++ 
ot++ 


KLH 


ott 


HSA 


l++ 
1+ 


* On the basis of ultracentrifugation in a sucrose gradient. 
T ) not done 

t (+) antibody present in fraction by hemagglutination. 

§ (0) antibody not present in fraction by hemagglutination. 


TABLE 3 
Speciric BinpinG or I}3!~ HSA sy Rasppir AntTI-HSA SperuM AND BY FRACTIONS ISOLATED 
FROM SUCH A SERUM BY ZONE ELECTROPHORESIS 
Serum teaction Mixture CPM/precipitate 

$219 y-1 globulin + HSA* 156 

1219 y-2 globulin + HSA* 1730 

$295 whole serum + HSA* 4300 

$295 4 + HSA 378 

$295 <a " + EA 4280 
HSA* I's} HSA; Reaction mixture: globulin fractions from serum # 4219 plus HSA* before addition of sheep 
anti-rabbit y-globulin serum. Whole serum + HSA* = serum plus pH 7.2 buffered saline buffer for 2 hr at + 5°C 
before addition of 1 mg of HSA*. Whole serum + HSA = serum + 1 mg non-radioactive HSA for 2 hrat + 5°C 


before addition of HSA*. Whole serum + EA = serum + 1 mg non-radioactive EA for 2 hr at + 5°C before 
addition of HSA*. 


TABLE 4 
EFFECT OF 2-MERCAPTOETHANOL ON VARIOUS ANTISERA AND ANTIBODY FRACTIONS 
Titert 
Antiserum to Type of sample* Buffer SH 
KLH 7-day serum 2,560( + )t 0O( — ) 
a y-1 globulin 80 0 
50-day serum 320( +) 320( + ) 
7S fraction 320 320 
BGG 7-day serum 80 0 
ES 19S fraction 10 0 
35-day serum 640 640 
HSA 7-day serum 640( +) O(— ) 
> 19S fraction 320 0 
hyperimmune serum 5,120( +) 5,120( +) 
* 7-day serum collected 7 days after injection of 2 mg alum-precipitated KLH into each hind foot pad; y-1 
glot ulin prepared by zone electrophoresis; 7S and 19S fractions prepared by sucrose gradient ultracentrifugation. 
t Titers after treatment of dilution of sera in pH 7.2 buffered saline'* or undiluted globulin fractions with 
equal volume of pH 7.2 buffered saline (Buffer) or 0.1 M 2-mercaptoethanol (-SH) for 48 hr at room temperature 


followed by dialysis against pH 7.2 buffered saline for 24 hr. 
} Results of interfacial precipitin tests are shown in parentheses. 


The possibility remained that each of the species of antibody produced against 
KLH was stimulated by different antigenic component(s) of this antigenic prepara- 
tion. This possibility first was examined by the Ouchterlony technique of double 
diffusion in agar. An anti-KLH serum which contained over 95 per cent y-1 
globulin antibody and an anti-KLH serum in which essentially all of the activity 
was in the y-2 globulin fraction were placed in separate peripheral wells and KLH 
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at a concentration of 5 mg./ml. in the center well. The y-1 globulin antibody 
reacted with the KLH to give 4 discrete lines which were continuous with the 4 
lines formed with the y-2 globulin antibody. A similar relationship was demon- 
strated by micro-immunoelectrophoretic analysis.’ KLH was separated into a 
number of antigenic components by agar electrophoresis. Each of the antisera 
which had been employed in the double diffusion experiment was then placed in a 
trough on each side of the separated KLH components. Seven discrete ares of 
precipitate were formed between the KLH and the y-1 globulin antibody. Seven 
ares of precipitate were formed between the KLH and the y-2 globulin antibody, 
corresponding in position to the lines on the other side of the slide. These results 
indicate that the y-1 and y-2 globulin antibodies were directed against the same 
seven components in the KLH preparation. Four other ares of precipitate were 
formed with KLH and the y-2 globulin antibody which were not formed with the 
y-1 globulin antibody. 

The BGG preparation contained a minor impurity which has not been identified. 
Nevertheless, by the Ouchterlony technique,*® it was shown that y-l and y-2 
globulin antibodies were formed against both the major and minor components in 
the BGG preparation. 

Effect of temperature on hemagglutinating and neutralizing activity of various anti- 
sera and antibody fractions: Recently Iseki et al.” produced cold incomplete ag- 
glutinins and precipitins to various Lewis blood group antigens in rabbits by im- 
munization with secretor and nonsecretor human saliva. Since cold agglutinins 
in man have been found to be macroglobulins,'* we wondered whether rabbit anti- 
protein macroglobulin antibodies had a lower temperature optimum than did 
lower-molecular-weight antibodies. The data presented in Table 5 indicate that 


TABLE 5 
[EFFECT OF TEMPERATURE ON HEMAGGLUTINATING AND TOXIN-NEUTRALIZING ACTIVITY OF 
Various Rappir ANTISERA AND ANTIBODY FRACTIONS 
Type of sample Assay Conditions Titer Neutraliz. 
9-day anti-BGG serum HAT af °C 0 
= = = " "© 320 
9-day anti-BGG serum #: . : ‘+ 5°C 640 (37°C 
2,560 (5°C 
9-day anti-KLH serum a 37°C 640 
ay os — ne 10,240 


7-day anti-HSA serum e : ; 160 
7 ee - .: bi } 160 


Hyperimmune anti-BGG serum “ 37°C 20,480 
a 4 ae % } 20,480 
2,560 
5,120 


Hyperimmune anti-KLH serum 


0 


+ 
+ 


y-1 globulin fraction (anti-Neut. 
diphtheria toxoid )* 


Cra Orsi or 


* y-1 globulin prepared by zone electrophoresis from early antiserum from rabbit primed with Salmonella. 

t HA incubation overnight at indicated temperature; neutralization incubation for 1 hr at 23°C or 5°C; 
37° 5°C incubation at 37°C overnight followed by reading of titer, resuspension of cells, incubation at 5°C for 
6-12 hr and rereading of titer 

t Titers were specific, inhibited only by specific antigen 
some of these early-response sera and y-1 globulin antibodies (anti-BGG, KLH, 
diphtheria toxin) indeed are more active at the lower temperature. Since the 
antibodies in these anti-BGG and anti-KLH sera were localized in the bottom 
fractions by sucrose-gradient ultracentrifugation, it is presumed that they are 
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macroglobulins. A similar determination, presumably owing to its lower titer, 
could not be made on the anti-HSA serum, which did not yield higher titers at 
5° than at 37°C. The effect of temperature could be demonstrated in 2 steps by 
incubating first at 37°C, reading, resuspending the cells and incubation at 5°C, 
and reading again. The hyperimmune sera did not show enhanced hemagglutinat- 
ing activity at the lower temperature. 

The observation of neutralization of toxin by y-1 globulin fractions from Salmon- 
ella-primed rabbits at 5°C but not at 23°C resolved an apparent discrepancy be- 
tween the results of hemagglutination and neutralization assays on early anti- 
diphtheria toxoid sera or y-1 globulin fractions from such sera. The earlier neutrali- 
zation assays had been carried out at room temperature, which accounts for their 
negative results despite the positive hemagglutinating activity of these prepara- 
tions. Thus far, the neutralizing properties at 5°C of anti-diphtheria toxoid sera 
or y-1 globulin fractions from such sera of unprimed rabbits have not been deter- 
mined. 


Physico-chemical properties of antibodies to cellular antigens: Table 6 summarizes 


TABLE 6 
PHYSICAL PROPERTIES OF PRIMARY RESPONSE AND HYPERIMMUNE ANTISERA TO CELLULAR 
ANTIGENS 
Davy after 
Antigen primary injection Gamma-l Gamma-2 Heavy* Light* 
Sheep RBC 11 —t - +f 0§ 
a a 15 4. 0 _ 
Hyperimmune + 4 + 
5 0 


++I 


S. typhosa 5 _ ~ 
() 
: 10 
17 
Hyperimmune 


0 
0 
0 


S. typhosa ° 0 


10 
Hyperimmune 


a 
+ 


++ +444 


* On the basis of density gradient ultracentrifugation 

I ) not done 

) antibody present by agglutination 
0) antibody not present by agglutination. 

the results of experiments on the early antibody response to cellular antigens. 
They indicate that the first detectable antibodies to Salmonella O antigen, Salmon- 
ella H antigen, and sheep red cells are y-1 macroglobulins. y-2 globulin antibodies 
to Salmonella O antigen were not synthesized even following 3 injections of these 
organisms. -2 globulin antibodies to the H antigen were synthesized following 
the primary injection. y-2 antibodies were not produced against sheep erythrocytes 
following a single injection but did appear after two injections of these cells. 

Patterns of hemagglutination with macroglobulin antibodies: In the course of 
experiments with early response antisera, it was frequently noticed that these sera 
produced patterns of hemagglutination which were difficult to designate positive 
or negative on the basis of our usual criteria (see patterns in Stavitsky'*). Never- 
theless, it was possible to demonstrate by antigen-binding,” precipitin reactions in 
gels,* ° interfacial precipitation reactions, and hemagglutination-inhibition reac- 
tions that these sera contained antibody. Eventually, we learned to distinguish 


the patterns produced by some of the early response antisera from those elicited by 
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Fic. 3.—Patterns of hemagglutination produced during various phases of the antibody 
response in the rabbit. Top row, left to right +++-+, —. Bottom row, left to right 
ths rk 
hyperimmune sera.'’ Figure 3 illustrates some of these patterns. The top row 
left is what we originally designated ++-++'. This is seen consistently with 
early anti-BGG and anti-BSA sera, occasionally with early anti-A LH, anti-HSA, 
and anti-diphtheria toxoid sera. This pattern is occasionally seen at the bottom 
of the first tube (lowest dilution) with hyperimmune sera against a variety of pro- 
tein antigens and may reflect the presence of small amounts of macroglobulin 
antibody in these sera. The upper right is a negative reaction. The bottom left 
isa +++ reaction, less commonly seen with the y-globulin-containing antisera, 
but frequently observed with hyperimmune sera. The bottom right pattern is 
++, the most common type of reaction with hyperimmune anti-protein sera, less 
commonly seen with the early antisera. The zone electrophoretically-separated 
fractions of the early response sera do, however, yield the ++ or +++ pattern. 

Organ site of synthesis of macroglobulin antibody: Rabbits were injected into 
the hind foot pads with Salmonella vaccine on day 1 and diphtheria toxoid on day 6. 
The left popliteal lymph nodes were removed when the rabbits were synthesizing 
only y-1 globulin antibody. These nodes were cultured in vitro,*® and continued 


to produce only y-1 globulin antibody for eight days. The contralateral lymph 


nodes left in situ began to produce y-2 in addition to y-1 globulin antibody several 
days after removal of the left node. 

Discussion—Enhancement of primary antibody response to diphtheria toxoid: 
The injection of Salmonella before diphtheria toxoid increased the antitoxoid titers 
compared to unprimed rabbits—over 10 fold for y-1 globulin antibodies. The 
mechanism of this enhancement is not understood. The endotoxin of Salmonella 
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species may be responsible for enhancement by analogy with previous findings 
of enhanced antibody production in rabbits inoculated with the endotoxin of this 
and other organisms.?!_ However, there are at least two apparent differences 
between the present results and previous ones. Previously, maximal enhancement 
of antibody synthesis was obtained when endotoxin was given simultaneously with 
or within 1 day after antigen.2! Little or no effect on antibody formation was ob- 
served when endotoxin was given 1 day before antigen.?! In the present study, 
enhancement was observed when the bacteria were given 2—5 days before antigen. 
It is conceivable that this discrepancy is only apparent and associated with the 
utilization of soluble endotoxin in the previous work and bacterial cells of this 
study. Secondly, endotoxin enhanced antibody formation to a variety of antigens,”* 
whereas the Salmonella vaccine did not appear to promote antibody synthesis to 
antigens other than diphtheria toxoid. 

The basis for the loss of serological activity of the macroglobulin diphtheria 
antitoxin produced in Salmonella-primed rabbits upon cold storage is unknown. 
Detailed study of the structure of the macroglobulin antibodies produced in primed 
and unprimed rabbits is, therefore, indicated. It is, for instance, possible that the 
loss of serological activity follows the spontaneous dissociation of the 19S into 7S 
units. The retention by these sera of neutralizing capacity for diphtheria toxin 
even after loss of hemagglutinating activity (Table 5) suggests that at least some 
of the antibody combining sites are not appreciably altered by storage in the cold. 

The bisphasic curve (lig. 1) is characteristic of Salmonella-primed rabbits given 
diphtheria toxoid. Since this is not observed in unprimed animals, the sharp 
descent of the curve for the macroglobulin antitoxoid may well be associated with a 
loss of hemagglutinating activity of the antibody in vivo by analogy with the loss of 
serological activity upon storage of these early antisera in the cold in vitro. In 
rabbits not primed with Salmonella, coexistence of the two molecular species of 
antibody was observed upon injection of BGG, KLH, diphtheria toxoid, HSA, 
T» bacteriophage, and B. subtilis amylase. The rapid decline of the macroglobulin 
antibody in these antisera may be due to the short half-life of the macroglobulin 
(see Taliaferro and Talmage**) and a decreased rate of macroglobulin synthesis. 
W Heterogeneity of early antibody response: Previous studies in man,!~* rabbit,‘ 
and horse®: * injected repeatedly with a number of antigens indicated that more 
than one molecular form of antibody could be formed to multiple injections of 
antigen. Some of these studies showed that macroglobulin antibodies were formed 
early in immunization and lower-molecular-weight antibodies upon continued 
immunization.** In the present study, physical methods of separation of antisera 
into different fractions were combined with hemagglutination assay for antibody 
in these fractions to demonstrate that similar molecular heterogeneity of antibody 


was produced by a single injection of antigen. Antibody was also demonstrated 
in these sera by binding of radioactive antigens” (Table 3), specific co-precipitation 
on antigen-antibody precipitates,” gel diffusion,’ immunoelectrophoresis,? and 


interfacial precipitin reactions. However, the electrophoretic mobility and sedi- 
mentation coefficients of the antibodies in these sera could not have been charac- 
terized readily without the hemagglutination method because thus far antibody 
activity has been detected in fractions from zone electrophoresis only by the hemag- 
glutination and antigen-binding methods. Presumably, only the latter two methods 
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have adequate sensitivity to detect the small concentrations of macroglobulin 
antibody formed during the primary antibody response. 

The evidence indicates that the rabbit responds to a single injection of diph- 
theria toxoid, KLH, BGG, HSA, and Salmonella typhosa H antigen by the syn- 
thesis first of y-1 macroglobulin antibody followed within several days by the 
additional synthesis of a y-2, 7S antibody. The localization following zone elec- 
trophoresis of antibody activity (hemagglutination, binding of radioactive anti- 
gens) exclusively in the y-1 globulin fraction provides evidence for presence of 
y-1 globulin antibody in the earliest sera. These sera contained macroglobulin 
antibodies on the basis of their behavior upon ultracentrifugation in a sucrose 
gradient and their loss of serological activity upon treatment with 2-mereapto- 
ethanol, which has been shown to cause dissociation of 19S macroglobulins into 7S 
units.’ However, more complete characterization of the macroglobulin anti- 
bodies by ultracentrifugation of antisera and by isolation of a purified macro- 
globulin antibody and determination of its molecular weight is needed for rigorous 
proof. 

In addition to the antigens noted, it has been found that the intravenous in- 
jection of T. bacteriophage into rabbits results in the formation of a y-1, macro- 
globulin neutralizing antibody and later a y-2 globulin neutralizing antibody.” 
The earliest rabbit antisera obtained following the injection of an amylase of 
B. subtilis showed enzyme-neutralizing activity in both y-1 and y-2 globulin frac- 
tions of the serum.% Since these two forms of antibody were produced against 
a number of components in the KLH preparation, it is clear that the early antibody 
response in the rabbit upon single injection of a variety of antigens is quite generally 
heterogeneous. It is not known whether the y-1 or y-2 globulin antibodies react 
with the same antigenic determinant groups in each antigen, although the oc- 
currence of neutralizing antibodies for diphtheria toxin in both fractions suggests 
that they both combine with the same grouping on the toxin. Other antigens are 
being studied to determine just how general the response is in the rabbit and other 
species. 

The macroglobulin antibodies in the rabbit seem to be more active in the cold 
both as regards hemagglutinating and toxin-neutralizing activity. Presumably, 
the cold anti-Lewis group agglutinins and precipitins observed in the rabbit by 
Iseki et al. were also macroglobulins. It is, therefore, quite possible that a lower 
temperature optimum is one of the characteristic properties of macroglobulin com- 
pared to lower-molecular-weight antibodies. This lower temperature optimum 
may be a reflection of a tendency of these antibodies to dissociate from the antigen- 
antibody complex at the higher temperatures, but this remains to be determined. 
It may be pertinent that Jerne” found that first-stimulus anti-diphtheria toxins 
from guinea pigs, horses, ferrets, rabbits, and humans were of low avidity. He 
did not, however, determine whether these antibodies were y-1 macroglobulins. 

The present data provides the first examples of the synthesis of y-1 macro- 
globulin antibodies to protein antigens in a species other than man. The syn- 
thesis by humans of macroglobulin antibodies to insulin,? Salmonella H antigens,” 
and thyroglobulin®® has been reported. The so-called rheumatoid factor, which 
may be an antibody to human gamma globulin, also appears to be a macroglobulin.” 
However, the shift in synthesis from macroglobulin to lower-molecular-weight 
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antibody in these circumstances in man has not been reported. Further studies 
are, therefore, needed to ascertain whether the sequence of antibodies synthesized 


in the rabbit also occurs in other species. 

Preliminary studies of hyperimmune rabbit anti-diphtheria toxoid and anti-BGG 
revealed the presence of small amounts of y-1! macroglobulin antibody. It is, 
therefore, likely that all hyperimmune rabbit antisera contain small or varying 
amounts of macroglobulin antibody. This finding is not surprising in view of the 
appearance of small amounts of specific y-l macroglobulin antibody each time a 


protein was introduced into the rabbit.*° The presence of varying amounts of 
macroglobulin and 7S antibodies with different avidities and serological reactivities 
in a single antiserum may account for some of the discrepancies between the results 
of varying assays, such as hemagglutination and quantitative precipitin reactions, 
applied to a single antiserum.*! 

The only exception to this general picture noted thus far is in response to the 
Salmonella typhosa O antigen. Only the y-1l macroglobulin agglutinin for this 
antigen has been detected despite the injection of typhoid antigen several times. 

Organ and cellular sites of synthesis of y-1 and y-2 globulin antibodies: Under 
the conditions of the present experiments, only the popliteal lymph nodes produced 
significant amounts of antibody. y-1l and y-2 globulin antibodies can, therefore, 
be produced in a single organ. In the experiments with T, bacteriophage,** anti- 
gen was injected intravenously, and there is some evidence that the spleen produced 
both molecular species of antibody. The heterogeneity of the early antibody re- 
sponse cannot, therefore, be attributed to the synthesis of antibody in more than 
one organ, although the participation of more than one organ in these syntheses 


26 


in the intact animal has not been excluded. 

The role played by the macroglobulin-producing cells in the overall antibody 
response is obscure, partly because of lack of knowledge of the cellular origin of 
macroglobulins. The lag of 3-5 days between the synthesis of detectable y-1 
globulin antibody and the formation of y-2 globulin antibody suggests that the 
same cells are not simultaneously producing both globulins. The inability of 
lymph-node fragments from primarily immunized animals to shift from the syn- 
thesis of y-1 to the production of y-2 globulin antibody in vitro also suggests that 
cellular differentiation may occur following the injection of antigen, probably during 
the interval between the appearance of macroglobulin and the appearance of y-2 
globulin antibodies. Several possible relationships between the cell types producing 
the two antibodies are apparent. (1) Cells producing y-1 antibody differentiate 
into y-2 globulin synthesizing cells. (2) The y-1 and y-2 globulin synthesizing cells 
differentiate independently from a common stem cell. (3) These two cell types 
represent completely independent and unrelated lines of cells. 

Further study of the cellular origin, sequential synthesis, physicochemical, and 
immunochemical properties of the y-1 macroglobulin and y-2 globulin antibodies 
undoubtedly will contribute to better understanding of many facets of the antibody 
response. A subsequent paper concerning these two species of antibody will 
present various types of data which furnish some insight into the nature of the 
primary and secondary antibody responses. 

Summary.—Priming of rabbits with Salmonella before diphtheria toxoid results 
in an accelerated and enhanced production of antitoxoid. The synthesis of y-1 
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globulin antitoxoid is enhanced some 10 fold compared to unprimed animals. 
The y-1 antitoxoid produced in primed animals loses hemagglutinating but not 
neutralizing activity upon storage in the cold for several days. The y-2 anti- 
toxoid synthesized in these animals several days later does not lose hemagglutinat- 
ing activity under these conditions. 

The early antibody response to a single injection of a number of protein and 


cellular antigens in unprimed rabbits is also heterogeneous and consists of the initial 


synthesis of y-1 macroglobulin antibody followed by the synthesis of y-2 globulin, 
7S globulin antibody. Neither antibody loses serological activity upon storage in 
the cold. The y-l macroglobulin antibody loses specific hemagglutinating and 
precipitating activity upon treatment with 2 mercaptoethanol, but the 7S anti- 
body does not lose these activities under these conditions. The y-1 macroglobulin 
antibodies seem to have a lower temperature optimum than the y-2 7S globulin 
antibodies. Lymph-node fragments from primarily immunized animals which 
synthesized the macroglobulin antibody in vitro did not shift to the synthesis of the 
y-2 globulin upon prolonged culture. Some problems arising from the above ob- 
servations and possible explanations are presented and discussed. 
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TWO CHANGES IN THE USUAL EQUATIONS OF A PLASMA REQUIRED 
FOR MAGNETODYNAMIC WORK 


By JOSEPH SLEPIAN 
1115 LANCASTER STREET, PITTSBURGH 18, PENNSYLVANIA 


Read before the Academy, April 24, 1961 


1. Spitzer's Equations of a Plasma.—In the book by L. Spitzer, Jr.,! are given on 
page 21 the two usually used vector equations for a plasma, corresponding to a 
plasma being a mixture of two gases, the electron gas and the ion gas. 

Ov 


p > =jxX B-— Vp — pvV®. (2-11) Spitzer 


m,c* OJ c ‘ath . ' 
~ =E+uvux B+— Vp. —-— jXB-—nj. (2-12) Spitzer 
n,e” Ot en, en, 

We shall make two major corrections to these equations. Applying these to a 
simple problem, we find that, contrary to the teaching of the book, the containment 
time of the plasma is independent of the magnitude of the impressed magnetic field. 

2. The Special Case Considered Here.—Take a very long straight circular tube of 
such a nature that all ions and electrons which reach it are condensed or are removed 
from the gas space inside. Let the tube be of such length that the velocity of the 
plasma in the central part of the tube may be considered two-dimensional, v = 
v(v,, Us, 0) for the time considered, v being very nearly the same as that of the posi- 
tive ion v;. Let the velocity of the electrons there be similarly two dimensional, 
w = w(w,, Ws, 0). Let a uniform constant magnetic field Bo exist along the tube. 

3. The Modified Equations of Spitzer.—The modified equations of the plasma 


are as follows. 


Ov , 
A>, +uVv |)=)j X B-— Vp, — Vpi. 


O=-E+uXB+—vp,— —jxB-nij. (2) 
en en 

In equation (1), we do not make the assumption 1 on page 20 of Spitzer’s book! that 

v'Vvu is negligible. This constitutes the first modification. We take V® as zero. 

We write p = p, + pj. 

We let the first term of (2-12) be negligibly small. For the second modification, 
we write 7’ for 7 to remind us that 7’ is a function of (7,0) as well as of the local 
characteristics of the plasma, due to the fact that the forces exerted by the rela- 
tively moving electrons upon the ions are due to microscopic high-frequency fields 
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surrounding the individual electrons and ions. We write that n = n, = n; assum- 
ing that n, — n,|/n is negligible. 

4. The Modified Equations Applied to the Special Case.—Assume that initially 
v, = 0. As J, is zero on the bounding wall, a value other than zero at an interior 
point will be part of an internal oscillation which will quickly vanish, so that we 
may take j, =0. The @ component of the acceleration on the left of equation (1) 
therefore vanishes, and therefore v,==0. £, vanishes also identically. Hence the 
r and @ components of equations (1) and (2) are the following. 


(= + <] iB ae (r cor tof (1)) (3) 
-U = Jed. — . r component oO t 
Clee“) ei dr ar 


0=0-0-0. (@ component of (1)) (4) 


c [Op, : ; - 

0O=E,+ ( i iB.) (r component of (2)) (5) 
en\ Or 

0 = —uv,B, — n'jo (@ component of (2)) (6) 


5. Discussion of the Modified Equations Applied to the Special Case—The 
identical vanishing of both sides of equation (4) is remarkable. This equation 
holds only after short-lived high-frequency oscillations have run their course, and 
these latter come from the short-lived initial setting of the variables when ¢ = 0. 
When these high-frequency short-lived oscillations are over, equation (4) holds. 
Then the ions which have almost all the mass must have v, = 0. 

Consider first what happens when By is zero. We see that there will be a rapid 
discharge of the plasma to the wall, since at the wall there can be only a discharge 
of the electrons and ions which reach there, and no possibility of a return of elec- 
trons or ions to the discharge exists there. But there must be something to check 
the electrons in their very high random motion and to make them discharge at the 
same rate as the positive ions at the wall. Equation (5) now tells us that a radial 
electric field will set itself up, checking the flow of electrons to the wall and speeding 
the flow of ions. 

Of course, the electric field will supply no energy to the discharge, as the radial 
components of velocity of electrons and ions remain equal. The increase in 
energy which the massive positive ions show by their increase in radial velocity 
can only be accounted for by a corresponding decrease in the random energy of the 
ions and electrons. The temperature of the gas will fall as the ions are speeded 
toward the wall. 

Now give By a small value. The discharge to the wall is changed perhaps, but 
the change is small. But now there is a new force upon the ions and the electrons. 
There is the force of the magnetic field upon the ions which constitutes a current of 
the radial amount, (ne/c)v,, and the circumferential amount, (ne/c)¥g = 0. Equa- 
tion (6) gives this force per ion, balanced by the reaction forces of the relatively 
moving electrons, producing the high-frequency fields around the ions. 

Thus, this force due to the magnetic field acting on the moving ions, 9’jg is 
necessary to keep the ions from moving circumferentially. It is necessary to make 
equation (4) true. It is necessary to keep the moment of momentum of the ions 
precisely zero. 

We see then that the presence of a small magnetic field which ordinarily might be 
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expected to bend the path of the radially moving ions into one with a circumfer- 
ential component is compensated for by the high-frequency electromagnetic forces 
acting on the moving ions of the local fields produced by the relatively moving 
electrons. We see then that 7’ is large compared with 7, which might be prac- 
tically zero if the plasma is dilute enough, whereas 7’ is proportional to v,B,/j,. 

Thus, we see that a small magnetic field produces no change whatever in the 
radial motion of the plasma to the wall. The expected change in the path of the 
ions to the wall is compensated for by the electromagnetic effect of the high- 
frequency fields about the individual relatively moving electrons. 

It is also clear that the magnetic field produces no effect upon the radial electric 
field. Adding equation (3) to equation (5) multiplied by (en/c), we get 


Ou, Ov, en Op; 
v = —f—, — : 
( ot rs or ) Cc or 


Hence, Op;/Or is unchanged by the small magnetic field. 

Now we started with a small magnetic field so that there might continue to be a 
radial current v, to the wall with only a small change in v,. But we have now seen 
that the small B, gives no change whatever in v,. The force necessary for this 
comes from the reaction of the magnetic field upon the radial current v,B, which by 
(6) is n'Jo- 

It is now very clear that it is still true that the change in v, will still be zero if we 
no longer require By to be small. 

6. Case of an Incompletely Fully Ionized Plasma.—The case of an incompletely 
fully ionized plasma has been studied experimentally and theoretically by B. 
Lehnert? and by a great following of other workers. They confirm his findings that 
for a large enough magnetic field there is no further effect of the field upon the loss of 
ions to the wall of a glow discharge, this loss being of the same order as the loss of 
ions to the wall with the magnetic field zero. This may be taken as a support for 
the contention of this paper that there is no effect of a magnetic field upon the ion 
discharge current from a completely ionized plasma. 

7. Resumé of Previous Theoretical Works Supporting Spitzer.—It is quite clear 
from this that the hopes were futile of finding a “magnetic bottle” for holding a 
plasma intact against the strong diffusive forces of a high-temperature plasma. 
It would be a task of enormous magnitude to even list the works of the men, fre- 
quently great men, who sought theoretically and aimed practically to produce that 
impossible task. I will merely refer to Chapter 5, “Encounters between Charged 
Particles” of the book by L. Spitzer, Jr.,! who gives at the end of the chapter a 
list of eighteen men from whom the work stems. He says, for example, p. 83, “a 
relatively simple situation is provided by the so-called Lorentz gas, a hypothetical 
fully ionized gas, in which the electrons do not interact with each other, and all the 
positive ions are at rest. In such a gas, the diffusion coefficients are very simple, 
and f may be obtained accurately if the electric field E is sufficiently small. The 
electrical resistivity of such an ideal Lorentz gas, which we denote by nr is 


r’?m, ‘*Ze*c? In A 


2(2kT)* » (5-34) 


NL 


Now, it is quite clear that in our simple special case of Section 2 we cannot take a 





Vou. 47, 1961 PHYSIOLOGY: T. H. BENZINGER 1683 


Lorentz gas as a typical distribution of velocities for more than a moment. We 
may take the initial momentary distribution of velocities as conforming to Lorentz, 
but a moment later, owing to the finite distribution of the condensing wall, the ions 
there will have a radial distribution of velocity with v-Vv not equal to zero. With 
v- Vu not equal to zero at the points we cannot make the gas a Lorenzian throughout 
a region by any uniform transformation to uniformly moving axes. The Lorentz 
gas cannot be regarded as an example for any finite region, however well it may 
serve as an example for an infinite region. 

The immediate appearance of v-V v in the gas requires us to use our 7’ which is 
much larger than the nz, of the Lorentz gas. 

1 Spitzer, L., Jr., Physics of Fully Ionized Gases (New York: Interscience Publishers, Inc., 
1956). 

2 Lehnert, B., Nuove Cimento Supplemento, vol. 13, ser. 10, 59-107 (1959). 


THE DIMINUTION OF THERMOREGULATORY SWEATING DURING 
COLD-RECEPTION AT THE SKIN* 


By T. H. BENZINGER 
NAVAL MEDICAL RESEARCH INSTITUTE, BETHESDA, MARYLAND 


Communicated by Philip Bard, August 31, 1961 


It was reported previously in these ProceEpINGs! that thermoregulatory sweating 
of man is determined by central temperature, that it occurs in the absence of thermo- 
receptor impulses from the skin and that a central sensory receptor organ must exist 
which acts as the human thermostat. 

The experiments from which these conclusions followed! ? were carried out on 
lean subjects with widely, and sometimes oppositely, varied skin and cranial in- 
ternal temperatures. However, with these lean subjects, the experimental condi- 
tions did not permit a study of one particular paradoxical combination: cranial 
‘setpoint”’ of the individual thermostat 


990f" 


with simultaneous skin temperatures below 33°C, in the cold range. At this skin 


‘ 


internal temperatures elevated beyond the 


temperature cutaneous cold-receptors begin to drive, with mounting impulse fre- 
quencies, the response of man to cold by increased metabolic heat production, 
unless a high internal cranial temperature prevents this response from occurring. 

A seeming conflict with reports from other laboratories suggested an extension of 
our observations on sweating into this range. With a subject of much higher 
weight-to-height ratio than those of subjects used in our previous studies,!: ? 
the paradoxical conditions could be produced with strenuous exercise in a cool 
environment. 

Methods.—The methods were the same as those used in the previous study,’ 
namely, gradient layer calorimetry for the measurement of sweating, tympanic 
membrane thermometry for measurements of cranial internal temperature, and 
properly located thermocouples for the measurement of average skin temperature. 
One subject, D. D. (nude, age 26, weight 88.6 kg, height 176 cm) was used for all 


the measurements presented. The tests on him were carried out between April 4 
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and June 5, 1961. In Figures 1 and 2, each plotted point represents a steady state 
of rest (O) or exercise (mechanical equivalents 6 cal/see A or 11 cal/see A) with a 
steady cranial internal temperature, skin temperature, and rate of sweating estab- 
lished and recorded in the gradient layer calorimeter. 

Because of the additional internal (metabolic) heating and the additional external 
cooling by increased sweating rates, skin temperatures, at any given level of internal 
cranial temperature, were lower during exercise than during rest. This difference 
amounted, on the average, to 1.5°C. 
sions on the presence, magnitude, or absence of effects exerted by skin temperature on 


It was thus ample to permit reliable conclu- 


rates of sweating. 

Results —Results have been divided into observations made in the warm range 
(skin temperatures 33 to 38°C, Fig. 1) and observations made in the cold range 
(skin temperatures 33 to 29°C, Fig. 2). 

A basie difference between these two conditions is immediately apparent. In the 
cold range, rates of sweating are progressively diminished with decreasing levels 
of cutaneous temperature at any given cranial internal measurement. This 
diminution is of the order of 4 cal/sec in evaporating heat loss for every lowering 
of steady skin temperature by 0.1°C. 

In the warm-range (Fig. 1), such an effect of skin temperature is conspicuously 
absent. If the effect observed in the cold range (Fig. 2) had extended into the 
warm range with similar intensity, this would have caused the observations of sweat- 
ing during exercise (triangles) to be an estimated 60 cal/sec lower than the corre- 


sponding observations during rest (circles)—due to the average difference of 1.5°C 


between working and resting observations at any given level of cranial internal 
temperature. Instead, no indication of a downward or rightward shift of the tri- 
angles from the circles is seen in Figure 1. The distribution of triangles and circles 
around the “best line’ is random and within experimental errors. It does not 
reveal any major changes in the “‘setting” of the human thermostat during a period 
of two months. The quantitative characteristics of Figure 1 prove that the influ- 
ence of skin temperature on sweating was zero throughout the warm range, 33° 
to 38°C. 

Discussion and Conclusions.—(1) The data presented in Figure 1 confirm our 
previous observation (see Fig. 4 in ref. 1 and Fig. 1 in ref. 2) that the response of 
sweating is elicited without participation of impulses from skin thermoreceptors. 
Abundant peripheral warm impulses of widely different intensity in the resting as 
compared with the working subject must have been present in the experiments of 
Figure 1 where skin temperatures from 33 to 38°C were obtained using environ- 
mental temperatures from 27.5°C to 50°C (122°F). Nevertheless, no influence of 
skin temperatures on sweating was detectable throughout this warm-range in which 
the sweating mechanism physiologically operates. The human thermostat was 
acting as a terminal sensory organ with first neurons. 

(2) With Figure 2, a contribution, previously observed by other authors, of skin 
temperature as a factor in human “physical” heat regulation has been confirmed. 
It has been identified as simultaneous with cold—not warm—reception. It has 
been described in quantitative terms of evaporative heat loss response (reduction 
by 4 cal/sec) to the stimulus of temperature (cooling by 0.1°C). Consistency is 
thereby ascertained with numerous published observations, old or recent. (Some 
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Fig. 1.—Intensity of thermoregulatory sweating during warm reception at the skin. 
Sweating rates were plotted against internal cranial temperatures in steady states or rest 
(QO) or exercise (A 6 cal/sec and A, 11 cal/sec). Sweating begins at a sharply defined in- 
ternal cranial temperature, the “setpoint’’ of the human thermostat, a result reproduced over 
a period of two months. The intensity of thermoregulatory sweating is inseparably related 
to the level of internal cranial temperature. There was no visible effect of the drastic differ- 
ences in skin temperature (average, 2°C) between the resting and the working observations. 
This difference (average, 2°C) would have lowered the triangles by an estimated 80 cal/sec in 
comparison with the cycles measured at the same internal cranial temperature, if the in 
hibiting effect of cold observed in Figure 2 extended with similar intensity into the range of 
warm reception. (Experiments were carried out between April 4th and June 5th with one 
subject, D. D., nude, age 26, weight 88.6 kg, height 176 cm.) 











selected examples of references are Kuno,’ Bazett,‘ Herrington,’ Robinson,® Ran- 
dall and Hertzman,’ Randall,* Hertig and Belding,’ and Brebner and Kerslake," 
in which a correlation of skin temperature with sweating had been seen, while the 
conditions under which it occurred had not been finally delineated. A seeming 
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Fic. 2.—Intensity of thermoregulatory sweating during cold reception at the skin. 
Sweating rates were plotted against internal cranial temperatures. Measurements obtained 
at similar skin temperatures were connected with “best lines.”’ At any given cranial internal 
temperature, sweating rates are seen to be diminished by approximately 40 cal/see for every 
degree C decrease in level of skin temperature. The line for 33° skin temperature was car- 
ried over from Figure 1. Figure 2 contains no resting observations as these paradoxical con- 
ditions cannot be produced in steady states at rest. Work rates were mechanically equiva- 
lent to 6 cal/see (4) or 11 cal/see (A), respectively. Increase in work rate enlarges the 
range of observations to the right (low skin, with high internal temperature). (Expe — nts 
were carried out between April 4th and June 5th 1961 with one subject, D. D., nude, 26, 
weight 88.6 kg, height 176 em.) 


oO 
2 
Kk 
< 
ui 
= 
7) 
Le 
O 
i 
<a 
8 














contradiction has been resolved by the results shown in ee land 2. The reli- 
able and important observations of other investigators*~!“—though not their con- 
clusions—have been confirmed independently with a different method. 

Additional conclusive evidence is, however, desired that the phenomenon de- 


scribed is neural and not caused by vasoconstriction, segmental reflexes, axon re- 
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flexes, or direct effects of cold on sweat glands. Those authors who made similar 
observations seem to be in agreement that they were due to a centrally relayed 
reflex. 

Figures | and 2 are further proof that in spite of the continuity of the tempera- 
ture scale of the physicist, the physiologist may discriminate objectively between a 
“warm” and a “cold” range. The discontinuity is near 33°C, where not only the 
cold-receptors of the skin begin to elicit the response to cold by increased metabolic 
heat production but where also the response to internal warmth by sweating begins 
to be inhibited from the periphery. A third phenomenon is the beginning of 
conscious cold-discomfort at this temperature in unpublished observations from 
this laboratory and another, the beginning of willful reactions to sensations of cold 
seen in experiments of Iberall.!! 

(3) Some practical conclusions seem to be in order. With Figure 2, the resolu- 
tion of the mechanisms of human temperature control has been extended into its 
least accessible area, where central warm-reception is colliding with messages of 
cold from the skin. Though paradoxical, such situations are not quite uncommon. 
The running athlete in cool weather, the ascending mountaineer, the skier on sunny 
slopes, all lightly clad, and perhaps the swimmer in tropical waters, experience skin 
temperatures low enough for cold-receptors to be active, while the athletic effort 
elevates internal cranial temperature above the setpoint. Cold-reception at the 
skin may then prevent or delay an immediate adjustment of elevated cranial internal 
temperatures through sweating. However, as a favorable effect, unnecessary, 
excessive, or prolonged evaporative cooling is prevented after termination of the 
muscular effort. The opposite condition, central temperature below the setpoint, 
combined with a warm skin, has been studied and clarified with experiments in 
water.” It is a transient state of tranquility and subjective comfort in which no 
thermoregulatory impulses seem to arise at either central or peripheral thermore- 
ceptors. 

(4) A unified and quantitative explanation free of contradictions can be given 
for the fact of human thermal homeostasis, for the ways in which it is achieved, 
and for the wealth of observations previously made, though not the conclusions 
previously drawn in this field. The classical experiments would have permitted 
by way of theory, but did not force by way of experimental argument, the simple 


conclusions listed below. These followed inevitably from more complete and more 


9 


accurate measurements using the modern methods. !: ? 

The peripheral sensory component of the autonomic thermoregulatory system re- 
sponds to cold, not warmth. Its functions are (a) to elicit (not to gradate and regul- 
ate) the metabolic response to cold and (b) to diminish or eliminate sweating when 
cold acts on the skin while central temperature is elevated. Both of these functions 
are not per se thermostatic. Skin temperature only, not internal temperature, can 
be regulated by skin thermoreception. The seat of homeostasis is the central thermo- 
receptive system. It elicits sweating and vasodilatation without receiving pe- 
ripheral warm-impulses. It either depresses or releases the metabolic response to 
cold-receptor impulses from the skin precisely to such an extent as is required to 
maintain or restore homeostasis.2. The temperature of the “thermostat” deter- 
mines ultimately the rates of thermoregulatory heat production or heat loss in man. 

(5) An addition is required to the component parts of the nervous system which 
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were postulated on calorimetric evidence,? namely, a central pathway connecting 
cold-receptors of the skin with effector neurons for sweating. The other postulated 
centers and pathways have been discussed.2- It was found that the recent results 
of human calorimetry on one side and the discoveries of classical experimental 
surgery with animals on the other are consistent without exception. 
Summary.—Certain correlations between temperature of the skin and intensity 
of thermoregulatory sweating, qualitatively observed before by others, have been 


clarified in quantitative terms. Evaporative (sweating) heat loss may be reduced 
by 4 cal/see with every 0.1°C reduction in the level of skin temperature. This 
phenomenon occurs, however, only at skin temperatures below 33°C, where cold- 


receptors elicit the response to cold by increased metabolic heat production, unless 
a high internal cranial temperature prevents its occurrence. On the other hand, 
throughout the range of warm-reception (33 to 38°C skin temperature), where 
the sweating mechanism usually operates, no influence upon evaporative heat loss 
was detectable with drastic differences of skin temperature. It is thereby con- 
firmed that sweating originates from a terminal sensory organ in a central, not a 
peripheral, position. 


* The work reported here was supported under contract R-8 with the Office of Life Sciences 
Programs, National Aeronautics and Space Administration. The author gratefully acknowl- 
edges the excellent cooperation of Hospital Corpsman David L. Drake and the expert technical 
assistance of Mr. G. W. Newlon and Mr. L. R. Younkins. 
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RIBONUCLEIC ACID-INDUCED CHANGES IN MAMMALIAN CELLS* 
By M. C. Niu, C. C. Corpova, anno L. C. Niut 
'HE ROCKEFELLER INSTITUTE AND TEMPLE UNIVERSITY 
Communicated by E. L. Tatum, August 1, 1961 


Previous experiments have shown that under proper conditions ribonucleic 
acid (RNA) can indeed initiate differentiation.':? Of particular interest in this 
work is the development of highly specific structure. That the type of structure 
developed correlates with the tissue source of RNA indicates a response of the 
reacting tissue to a message carried directly by RNA or RNA-containing sub- 
stances of the inducing tissue. Thus, on the cellular level, when a piece of the 
epidermal ectoderm of urodele gastrula is transplanted into the presumptive 
kidney area, the ectoderm contributes to the formation of extra kidney tubules* 
and develops into muscle in the presumptive muscle area. At the molecular level, 
ribonucleoproteins (RNP) from different tissues were found to be capable of in- 
ducing the formation of muscle, * blood,’ thymus,! and other tissues.” 

Some two years ago, an examination of the effects of normal RNA on mouse 
ascites cells was initiated. After incubation with liver RNA, only 10 per cent of the 
transplanted ascites cells gave rise to tumors. The loss of the tumor-forming 
ability was correlated with induced cellular changes rather than with regression 


caused by either cell death or immunological response.’ The cellular changes 


were shown in vivo by the lack of mitotic division and invasiveness. Jn vitro, they 
were demonstrated by the acquired capacity of synthesizing the liver protein, serum 
albumin. ?® 

In this communication, observations which indicated an inhibitory effect of 
RNA on tumor growth*: * are presented in detail. These studies and comparable 
studies with the Novikoff hepatoma” appear to support the concept that RNA 
induces cellular transformation in mammalian cells. 


Viaterials and Methods.—M ice and ascites cells: During 1959 and 1960, white Swiss mice of the 
tockefeller Institute, and in 1961, Swiss Webster mice supplied by Pied Piper Farms were used in 
this study. The ascites tumor cells were developed and maintained through successive transfers 
in the peritoneal cavity of the Princeton strain by Dr. John B. Nelson of the Rockefeller Institute, 
whose generosity in supplying ascites fluid biweekly during 1959 and 1960 the authors are pleased 
to acknowledge. Upon receipt of the cell suspension, our customary procedure was to wash the 
ascites cells with 0.9°; saline. Intramuscular injection of the washed cells give rise to solid tumors, '! 
and the mice usually died within a month. For the preparation of tumor RNA, solid tumors with- 
out necrosis (8 to 10 days) were used as source material. Mice from the same litter were used for 
control and experimental series. The number in each series was limited to 5 to 8 mice, weighing 
10 to 15 grams each. 

Isolation of RNA: RNA was prepared from mouse and calf liver (L-RNA) and solid tumor 
(T-RNA) by a modified Kirby procedure involving low-speed centrifugation.? Beginning in 
November 1960, the isolated RNA was centrifuged at 40,000 RPM (Spinco Model-L Rotor #40) 
for 30 min. The supernatant fluid was subsequently treated with ether and the ether was expelled 
by nitrogen. The preparations were used immediately or frozen in dry ice-acetone and stored 
at —20°C for 7 to 10 days. No apparent loss of activity was detected. 

Ultraviolet absorption spectra of both preparations of RNA were similar, with the lowest 
absorption at 230 mu and the highest at 258 mu. In each case, the ratio, absorption at 260 my/- 
absorption at 230 mu, exceeded 2.2. The amount of RNA calculated from the oreinol determina- 


tion, the phosphorus content, and the absorption at 260 mu agreed, thus indicating that the sub- 
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stances present in solution were RNA. In addition, routine laboratory tests for protein, DNA, 
and polysaccharides were negative. However, the RNA hydrolysate gave a ninhydrin color 
reaction, indicating the presence of some amino acids. 

Preparation of ascites cells for study: The ascites cells were washed 5 to 6 times with 30 to 50 
volumes of 0.9°% saline and divided into aliquots. One served as control, the second and third 
were mixed well with 10 volumes of L-RNA with an optical density (O.D.) at 260 mu of 25/ml and 
QO.D. 100/ml respectively, and the fourth was mixed with T-RNA with O.D. 100/ml. They were 
incubated for 12 to 20 hr in the cold (5 to 8°C). To insure contact of RNA with the cells, the 
mixture was stirred at intervals, especially during the first few hours of incubation. Next morning, 
each sample was centrifuged and resuspended in fresh samples of the incubation medium. 

Before and after each incubation, one volume of the ascites cells and !/. volume of 1% eosin were 
mixed thoroughly. Within 5 min, the number of stained and unstained cells were counted. 
The unstained cells are viable and tumor-producing.'? 

Each aliquot of cells was subdivided for (1) Intramuscular injection in the thigh with 0.05 ml 
saline containing 5 X 10° cells. The thigh was subsequently fixed daily up to the 10th day to 
trace the fate of the injected cells. (2) Quantitative determination of nucleic acid. Both RNA- 
treated and control series were centrifuged and cells quickly washed twice with saline. The cell 


suspension was treated with an equal amount of cold 4% perchloric acid (PCA), mixed well, and 


held at 2°C for 5 min. The acid-soluble substances were then removed by centrifugation. The 
sediment was washed once with 2% PCA and extracted with 10% PCA at 90°C for 15 min. 
Nucleic acids were estimated by the ultraviolet absorption at 260 mu. (3) Amino acid incorpora- 
tion. The samples were centrifuged and cells resuspended in 5 to 8 volumes of the incubation 
mixture.'* They were placed on crushed ice and 0.1 ml containing 1 ue of C'-DL-leucine was 
then added for each ml of cell suspension. The samples were then transferred to a shaker at 
37°C, and two minutes were allowed for temperature equilibration. The shaking speed was 100 
cycles per min. Incorporation was stopped at intervals by addition of equal volumes of ice-cold 
10° trichloroacetic acid (TCA). 

Incorporation was also followed on cells cultivated in milk dilution bottles!‘ for various lengths 
of time. 

Fractionation of protein: The TCA protein was centrifuged in the cold and washed twice with 
cold 5°, TCA. The sediment was extracted with 10 volumes of absolute alcohol and then des- 
ignated as general protein (G.P.). The alcohol was removed by dialysis against distilled water 
containing some DL-leucine. On removal of alcohol, precipitates appeared, which were collected 
by centrifugation and called insoluble protein (I.P.) The substance in solution with serum 
albumin added as carrier (30 ug/ml) was precipitated by addition of the antiserum against bovine 
serum albumin. Due to its solubility in absolute alcohol,” especially after treatment with 5% 
TCA, and precipitability by the antiserum, the substance in question appeared to be related to 
serum albumin (S.A.) and was so designated. 

The nucleic acids of G.P. were removed by heating the 59% TCA suspension at 90°C for 15 min. 
\fterwards, this sample was treated in the same manner as I.P.and$.A. The lipids were removed 
by three extractions with aleohol-ether (3:1) at 62° C for 5 min each, followed by washing with 
alcohol-ether-chloroform (2:2:1) and ether. The dried samples were weighed and counted in an 
automatic gas flow counter. 

Vethods of treatment with RN Ase and DN Ase: One ml of the L-RNA (O.D. 200/ml) was mixed 
separately with | ml saline containing 1 mg RNAse or DNAse (Worthington Co.). Together 
with samples of RNAse and DNAse in saline (control series) they were incubated at 37°C for 20 
min. These four samplés were separately mixed with 0.2 ml of the ascites cells, kept in the 
refrigerator for 15 to 20 hr with frequent stirring, and each then divided into two equal aliquots. 
One aliquot was used immediately for a test of its tumor-producing capability. The other was 
centrifuged and the cells were resuspended respectively in the same fresh enzyme solution. They 
were kept in 5 to 8°C for another 15 to 20 hr before centrifugation, resuspension, and intramuscular 
injection. 

Preparation of C'*-liver RN A and determination of C'' distribution in RNA: Mice weighing 25 to 
30 grams were starved 12 hr and then given 0.5 ml of C!*-orotie acid (5 ue) and 0.5 ml of C'4- 
adenosine (5 we) intraperitoneally. Five hr later, livers from 15 animals were pooled and the gall 
bladders removed. RNA was prepared and found radioactive, presumably due to C!*-labeled 
bases (adenine, cytosine, and uracil) of the L-RNA, 
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C'4-L-RNA was hydrolyzed by 1N HCl for 1 hr at 100°C. The hydrolysates were subjected to 
paper chromatography according to Smith and Markham.'* The four spots representing guanine, 
adenine, cytidylic acid, and uridylic acid were dried and counted for radioactivity. Samples were 
eluted with 0.1N HCl, evaporated until dry, and counted. 

C'AL-RNA was employed to treat the washed ascites cells. After 20 hr of incubation, the 
sample was centrifuged. For the removal of free C'*-L-RNA, the cells were quickly washed twice. 
RNA isolated from these cells was radioactive and thus designated as C'*-T-RNA. Radioactivity 
of its hydrolysates was determined in the same manner as that of C'-L-RNA. 

Results——Viability of the ascites cells: Of prime importance in the present 
investigation was the viability of the ascites cells, particularly after incubation 
with RNA. Comparing the two groups of cells, blebs appeared more frequently 
in the RNA-treated cells than in the untreated. The latter packed more firmly 
when centrifuged. Neither phase nor electron microscopy could detect any ad- 
ditional difference between them. Staining with eosin or trypan blue revealed 
that 60 to 95 per cent of the washed ascites cells and 40 to 80 per cent of the RNA- 
treated counterpart resisted staining. It is pertinent to add that the presence of 
only 19 per cent viable cells in the RNAse-treated ascites population was sufficient 
to produce solid tumors in a frequency of approximately 60 per cent at the site of 
injection (see below). Accordingly, one would expect tumor formation by the 
RNA-treated cells. The apparent reduction in tumor formation (see below) 
would therefore suggest that other factors are operating. 


The presence of metabolically active cells in the RNA-treated sample was fur- 


ther indicated by the study of amino acid incorporation into proteins (Fig. 1). 


Control 
° 


-_<--—— 


25 06mg 


RNA/mI 





Time (hours 


Fig. 1.—Time course of incorporation 
of DL-leucine-C'* into proteins of un- 
treated and L-RN A-treated ascites cells. 


It can be seen that all three series were capable of incorporating DL-leucine-C™ 
into TCA proteins. The rate of incorporation by those cells exposed to higher 
concentrations of RNA was reduced to approximately '/, of the control. This 
reduction could result from either cell death or cell change, or both. Since the 
difference in viability between the L-RNA-treated and untreated cells, as estimated 
by staining with eosin, was only 15 to 20 per cent, it seems unlikely that cell death 
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was responsible for the decrease of */, in metabolic activity. Besides, cancer 
cells ordinarily are metabolically more active than normal cells.” 

Rate of tumor formation: Intramuscular injection of the ascites cells and the 
RNA-treated counterpart resulted in the development of solid tumor at the site of 
injection. The frequency varied, however, according to the concentration and the 
tissue source of the RNA employed. As a rule, if L-RNA-treated cells developed 
into solid tumor, the appearance of the tumor was frequently delayed. Table 1 


TABLE 1 
FREQUENCY OF SoLtip TuMoR FORMATION 
Number Number with Number without Percent 

Experimental Conditions of mice tumors tumors with tumors 
Untreated tumor cells 158 153 5 97 
Saline 20 0 20 
L-RN A-treated tumor 

cells (O.D. 25/ml.) ; 33 
L-RN A-treated tumor 

cells (O.D. 100/ml.) 14 
T-RN A-treated tumor 

cells (O.D. 100/ml.) : 17 


summarizes the data obtained with the Rockefeller Swiss mice (up to the summer 
of 60). It can be seen that under our experimental conditions a proper concen- 
tration of L-RNA (O.D. 100/ml) indeed affected the development of the ascites 
tumor. In contrast, treatment with T-RNA had no significant effect. Our proto- 
col revealed further that the inhibition was permanent, because those mice that 


had developed no tumors within a month gave none in six months or longer. In 
> PS 


addition, they did not do so even on subsequent inoculation with untreated ascites 
cells (25 Swiss Webster mice). 

The effect of nucleases on L-RNA: Subsequent to the finding that L-RNA could 
inhibit tumor growth, enzyme studies were carried out to see if RNA macromole- 
cules were required for this inhibition. Both RNAse and DNAae were used, one 
serving as control for the other. Since RNAse is reportedly tumor-inhibitory,'*: ' 
our cells were tested separately after the first and the second treatments. This 
was to insure doubly the adequacy of the enzymatic treatment. Table 2 provides 


TABLE 2 
ErrecT OF ENZYME TREATMENT ON TUMOR INDUCTION USING 
THOROUGHLY WASHED ASCITES CELLS 
Incubated with 
Untreated L-RNA RNAse DN Ase 
Type of experiment control treated RNAse treated 
L-RNA L-RNA 
Viability after 
first treatment 799, y 80°; 
Tumors per 8 mice 8 : 7 
Viability after 30% 
second treatment 10% ‘ 36% 
Tumors per 6 mice | 5 : 0 
Per cent of tumors 86 ; 86 57 14 


data obtained with the Swiss Webster mice. RNAse treatment of L-RNA led 
to its inactivity in lowering tumor frequency, whereas treatment with DNAse 
had no effect. The sensitivity to RNAse and indifference to DNAse provides a 
strong point in favor of the necessity of macromolecular integrity for the RNA 
function. 
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That RNA was taken up as macromolecules was further supported by analysis 
of C4-L-RNA and C'4-T-RNA (ratio of activities about 10:1). Chromatograms 
of both C'-L-RNA and C'-T-RNA hydrolysates were made by the techniques 
used for yeast RNA." C'4-orotic acid is supposed to be incorporated into the 
C-uridylic and C'*-cytidylic acids and C'*-adenosine into the_C'-adenine of the 
C'4-L-RNA. If the macromolecules of C'*-L-RNA enter the cells without prelimi- 
nary degradation, the ratios of radioactivity of C'-adenine and C'-cytidylie and 
C!4-uridylic acids of the C'-T-RNA should be equal or close to those found in the 
C'4-L-RNA. Table 3 shows the distribution and ratios of radioactivity in the 
RNA components. It can be seen that the ratios of C'-L-RNA and C'4-T-RNA 
are similar within experimental error. 


TABLE 3 


DISTRIBUTION AND Ratios oF Rapioactiviry BETWEEN THE HypbDROLYSATES OF C!*-L-RNA 
AND C4-T-RNA (AVERAGE OF FouR DETERMINATIONS) 
a - RNA component 
Material Cytidvlic Uridylic 
and counts of Guanine Adenine acid acid 
radioactivity/min. (G) (A) (C) (U) A/U A/C C/U 


C'%L-RNA (200 yg) 24.7 81 3 225.: 0.33 0.64 0.51 
C'-T-RNA (200 ug) 2.1 4.9 : 0.36 0.61 0.59 

So far as RNA function is concerned, untreated L-RNA lowered the tumor- 
producing potentiality of the ascites cells to 20 per cent in Swiss Webster mice 
and to 10 per cent in the Rockefeller Swiss mice. This is in contrast to the 50 to 
62 per cent reduction observed in the series in which cells were incubated with 
RNAse (column 5, Table 2). It should be emphasized that the experiment with 
RNAse was repeated many times, and the inhibitory effect of RNAse never ap- 
proached that of the untreated L-RNA. 

Fate of the injected cells: Viable cells in the liver RNA-treated population varied 
from 40 to 80 per cent. When a half million of these cells were inoculated intra- 
muscularly into the thigh, the frequency of tumors was only 10 to 20 per cent. 
The immediate question is what happens to the majority of the injected cells? 
One possibility is that the liver RNA contributed something to the cells which in- 
voked an immunological response leading to their elimination. If this were the 
case, there should be a gradual decrease in the number of cells, particularly no 
organized structure should appear at the site of injection. Figure 2 shows a low- 
power view of the site of injection of untreated ascites cells. The luxuriant growth 
of the ascites tumor cells is conspicuous, and invasion into the muscle bundle has 
begun. Numerous mitotic figures can easily be seen under higher magnification 
(Fig. 3a) but are seldom found in the RNA-treated cells. In contrast to Figure 3a, 
there appears to be some sort of cell grouping (lig. 3b). Four days later, the 
number of the identifiable injected cells is greatly reduced, but those remaining 
have oriented themselves into an organized pattern (Fig. 4). It seems then that 
some of the RNA-treated cells went through stages of progressive specialization 
instead of being expelled. A detailed analysis of this differentiation will be re- 
ported elsewhere. 

Possible mechanisr of the tumor inhibition: The findings presented above have 
demonstrated that the L-RNA induced cellular change. Microscopic examinations 
do not reveal the nature of the change prior to the injection. There was, however, 
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Fig. 2.—Cross section of the thigh muscle showing the injected ascites cells (100 x ), 
four days after inoculation. 


a quantitative difference in the nucleic acid content of the treated and untreated 


cells. The increase of from 18 to 43 per cent in nucleic acid in the RNA-treated 
cells is presumably due to the addition of RNA to these cells. The manner by 
which this RNA is associated with the treated cells has been under investigation. 
Preliminary data of autoradiographic studies suggest that it is located inside the 
cells. How does it get there, and what is the mechanism whereby the host and 
the foreign species of RNA can be so coordinated that the tumor-forming poten- 
tiality of the ascites cells is reduced by 80 to 90 per cent? Well-documented an- 
swers to these questions have yet to come. Observations which indicate a rela- 
tion between the biological potentiality of RNA and differentiation have been 
accumulated in recent years.'?> ® ?° What has happened to the RNA-treated 
cells may perhaps be that the exogenous RNA, as in the case of TMV-RNA?*! has 
stimulated the synthesis of new proteins. <A direct test for this mechanism is the 
comparative study of protein biosynthesis in the RNA-treated and untreated cells 
(see Fig. 1). The TCA protein was fractionated into G.P., 1.P. (mostly lipoprotein), 
and $.A. The latter is specific and synthesized only by liver cells. Studies on the 
incorporation of C'-leucine into S.A. showed that the biosynthetic rate was at 
first higher in the untreated cells than in the L-RNA-treated cells. As time pro- 
ceeded, synthesis over a 2'/. hr period gradually decreases in the untreated cells 
but increased 2 to 7 fold in the treated cells. When a lower concentration of 
L-RNA was used and the cells were cultivated in vitro for a few days, albumin syn- 
thesis of the treated cells was 5 to 10 times higher than in the control and 3 to 5 
times higher than in the T-RNA series. Jn vitro cultivation for three weeks resulted 
in an even greater increment. This is demonstrated in Figure 5, in which the syn- 
thesized albumin (expressed in radioactivity counts) is plotted against the con- 
centration of RNA employed (expressed in terms of O.D. at 260 my—90,5,10, and 
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Note the abundance of 
mitotic division and the presence of invaded cells in between muscle bundles. 


Fig. 3a.—An area of Figure 2 under higher magnification (1,000 x ). 


20). Under our experimental conditions, the synthesis of serum albumin-like 
If protein were contaminating 


protein was directly related to RNA concentration. 
Accordingly, the 


the RNA used, higher concentrations would carry more protein. 
observed increment in C!-albumin might be explained either by a C'-leucine 
exchange in the contaminating protein”? or by the infiuence of incorporated RNA 


on protein synthesis. The former, however, is unlikely, because cells treated 
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. ie . * , Sl ho or 
:. 3b.—A high-power view of the L-RNA-treated cells, also four days after injection (1,000 x ). 
Note the lack of mitotic division and the absence of invading cells. 


with either serum albumin alone or T-RNA plus albumin did not show this increase. 
Discussion. 


It is known that protein synthesis requires the participation of trans- 
fer or carrier RNA, of ‘messenger’? RNA, and of microsomal or structural RNA.” 
However, the chemical identification and the relationships among these RNAs 
are poorly understood at the present time. With this in mind, our experiments on 
the biological potentiality of RNA have utilized RNA isolated from the whole 
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Fic. 4.—A high-power view (1,000 x ) of the L-RN A-treated cells, eight days after injection. Note 
particularly the highly organized structure. 


tissue. The activity of this RNA depends not only on the freshness but also on 


the concentration employed.” It has been demonstrated in the foregoing ex- 
periments that under proper conditions the biological potentiality of isolated RNA 
is specific. While T-RNA has no apparent effect on the ascites cells, mouse L-RNA 
has produced changes. These cellular changes can be seen both in vitro and in vivo. 
Morphological deviation was undetectable in vitro, but biochemically the L-RNA- 
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Fic. 5.—-Effect of mouse liver RNA on the incorporation of DL-leucine -C™ into protein 
in the L-RNA-treated ascites cells during 2!/. hr 








treated cells had acquired machinery for synthesizing serum albumin (Fig. 5), 
a liver specific protein. It appears that L-RNA carries the code of the liver cells 
and thus dictates the type of protein to be synthesized. 

In vivo, the untreated ascites cells resumed active mitotic division shortly after 
inoculation. On the third or fourth day, they began to invade the neighboring 
muscle bundles and reached the size of a chestnut by the tenth day. The host 
died within three to four weeks. In contrast, 80 to 90 per cent of the injections 
with L-RNA-treated cells did not give rise to tumors. The failure was correlated 
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with the loss of two biological markers for cancer cells, namely, a high rate of 
mitotic division and invasiveness. Since cell growth is inversely proportional to 
cell differentiation, the loss of these properties suggests that differentiation might 
have occurred. This appears true of cells (Fig. 4) which still remain in the musele 
tissue eight days after injection. Apparently most of them are gone. The dis- 
appearance may possibly be due to one or a combination of three factors: (1) 
non-viable injected cells may have been removed by phagocytes, (2) the viable 
cells that have acquired the capacity to synthesize serum albumin may have been 


“e 


relocated, and (3) some cells may even have been “assimilated” by the neighboring 
muscle tissue. Points (2) and (3) will constitute the subject of another publica- 
tion. 

The concept of “stopping tumor growth through differentiation” is an old one. 
The present work is actually the beginning of a new approach. This approach has 
recently been extended to rat hepatoma in experiments by DeCarvalho and Rand,” 

which the L-RNA-treated hepatoma cells gave rise to slightly haemorrhagic 
nodules scattered in the mesentery in 85 per cent of the injected rats and in 15 
per cent formed a solid tumor. Histologically, the nodules showed a more orderly 
cordonal organization with the tendency to radiate around a vein. The cells 
contained glycogen in a polarized distribution resembling normal livers. 

The manner by which RNA acts upon the cells is not clearly known. In view 
of the induced biosynthesis of specific protein, however, it may be assumed that it 
enters the cells without loss of biological potentiality. Evidence supporting this 
hypothesis comes from our enzymatic studies showing the requirement of macro- 
molecular integrity for RNA function, the correspondence in radioactivity ratios 
of the hydrolytic components between C'-L-RNA and C!*-T-RNA isolated from 
the C'-L-RNA-treated tumor cells, and the autoradiographic demonstration of 
radioactivity within the treated cells. Once in the cells, the exogenous RNA 
would perhaps be functioning in a fashion similar to infectious RNA. The syn- 
thesis of new protein is correlated with the appearance of new morphological enti- 
ties. 

Summary.—It has been shown that the treatment of the Nelson mouse ascites 
cells with ribonucleic acid in suitable concentrations reduced tumor formation 
from 97 per cent to 10-20 per cent. This reduction was correlated with induced 
cellular change rather than regression caused by cell death and/or immunological 


response. The change was found to be accompanied by an induced biosynthesis 
of specific protein. Apparently hepatoma cells under proper eee of liver 
RNA gave rise to an organoid structure resembling normal liver.! 

That the effect of L-RNA was specific was demonstrated by its sensitivity to 
RNAse and indifference to DNAse and by the inactivity of T-RNA. The en- 
trance of macromolecular RNA into the treated cells was indicated by the presence 


of C' in cells treated with C'-L-RNA and by the correspondence of the ratios of 
labelled bases in the administered C'4-L-RNA and in the recovered C'4-T-RNA. 


* This investigation was supported in part by research grants G-14311 and G-14755 from the 
National Science Foundation and C-5344 from the National Cancer Institute, U. S. Public Health 
Service 

Some of these results were reported to the Tenth International Congress of Cell Biology, held 
in Paris, September 4-9, 1960. 
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ERRATA 


In the article entitled “The Net Hydration of Deoxyribonucleic Acid,” by K. 
Lemone Yielding and Gordon M. Tomkins, which appeared on pages 983-989 
of this volume (July issue), the second sentence of the caption to Figure 4 (page 
987) should read: ‘Reaction mixture for both cells contained 0.05 M tris pH 
8.0, EDTA 5 X 10-4 M, crystalline beef liver glutamic dehydrogenase 5 mg/ml, 
propylene glycol 2%, diethylstibestrol 2 « 10-4 7, and, in the upper diagram, 
L-leucine 2.4 & 10-2 M.”’ 


In the article entitled “Induction by Arginine of Enzymes of Arginine Bio- 
synthesis in Escherichia coli B,” by Luigi Gorini and Wenche Gundersen, which 


appeared on pages 961-971 of this volume, the table at the top of page 964 should 


read as follows: 


TABLE 2 
IND CING ACTIVITY OF L-ARGININE COMPARED WITH OTHER 
COMPOUNDS 
Additions to Specific activity 
the medium of enzyme 5 
None 
L-arginine (100 ug/ml) 10.7 
Citrulline ‘3 
Ornithine 
Glutamate 
Uracil (20 ug/ml) 
Proline (50 ug/ml 
Lysine ay 
Histidine 
Agmatine (100 ug/ml) 
ID)-Arginine 
Canavanine (50 ug/ml) 5 
Difco arginine assay medium 5 
Same + arginine (100 ug/ml) 2 
A culture of BP8 was grown at 37° with aeration to exhaustion 
of glucose in minimal medium A plus the additions Difco arginine 
assay medium contains all growth factors for Leuconostoc mesen 
teroides with the exception of arginine (see Difco Manual, 9th 
edition, page 235). It was used at 0.4% Specific activity 
enzyme units/mg dry weight bacteria. 
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